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Abstract
The sun’s radiative output is the primary energy input to the Earth, planets, and the
entire heliosphere. It determines the thermal structure of the Earth’s atmosphere, and
overall it sustains life as we know it. The solar spectral irradiance (SSI) determines the
general circulation, ozone photochemistry, and weather-climate system. Both SSI and
the total solar irradiance (TSI or ‘solar constant’) vary in time. The ‘solar constant’ is ob-
tained by integrating SSI over the entire electromagnetic spectrum. It is now established
to vary about 0.2–0.4% during the 27-day solar rotation due to transit of active region
across the solar disk and 0.1% over an 11-year solar cycle due to variations of magnetic
surface activity of the sun related to the reversal of the solar magnetic field. While SSI
variability in the UV is moderately well understood, little is known about variability in the
optical and near IR (vis-IR) spectral range. This is because while the variations in UV
are large, vis-IR variations are small, which are within the noise level of the instrument.
The overall goal of this dissertation, therefore, is to improve our understanding of SSI
variability especially at longer wavelengths beyond the UV.
Regular monitoring of SSI from space covering the entire UV and vis-IR has become
available at a moderately high spectral resolution with SCIAMACHY aboard ENVISAT
since 2002. This cumulative dissertation presents in three published manuscripts the
most recent progress in understanding SSI variability not only in the UV but also in
the vis-IR spectral region using SCIAMACHY data. The first published manuscript ad-
dresses the validation of radiometrically calibrated SSI from SCIAMACHY to existing
SSI data (from ground and space) and to compare SCIAMACHY SSI variations with
various other satellite data from SIM onboard SORCE, SUSIM onboard UARS, and
SBUVs. The second published manuscript describes the parametrization of SCIA-
MACHY SSI time series in terms of solar proxies: Mg II core-to-wing (ctw) ratio for
faculae brightening and photometric sunspot index (PSI) for sunspot darkening. This
simple irradiance model is referred to as the SCIA proxy model. This model allows us
to estimate past solar irradiance variations over several decades well beyond the ob-
servation period of the SCIAMACHY satellite. Most satellites observing in the optical
spectral range suffer from hard radiation in space, particular in the UV, therefore these
satellites optically degrade with time. The parametrization using the solar proxy model
also enables the application of a simple degradation correction with the need for de-
tailed re-calibration of solar irradiance measurements, which is not always possible or
feasible. So far these two goals focus on short timescales (days to several months).
The third published manuscript deals with the application of the model to reconstruct
daily SSI variability from 1978 to present, covering several decades. The reconstructed
SSI from SCIA proxy on daily to decadal timescales are compared to the solar atmo-
sphere model SRPM and space observations from SIM/SORCE, SUSIM/UARS, the
DeLand & Cebula/SSAI UV composite; and other proxy models such as NRLSSI, SIP
(formerly Solar2000) and semi-empirical model SATIRE.
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Chapter 1
Introduction and Motivation
1.1 General motivation
Understanding how and why the radiative output of the sun changes on various timescales
is not only important as a scientific problem in itself but also it has societal implications.
In particular, the quantification of the radiative output in the form of total solar irradiance
(TSI) or “solar constant”, and its spectral decomposition, the solar spectral irradiance
(SSI), over short- and long-term periods not only give insights into the evolution and
emergence of magnetic fields in the solar atmosphere but also provide estimates on
the natural forcing on Earth’s climate. The term “solar constant” is a misnomer because
from satellite measurements it turned out not to be constant. In order to better quantify
the anthropogenic contribution to climate change (global warming due to increases in
greenhouse gas concentrations) all other natural forcings, among them the solar influ-
ence, have to be well understood as well (cf. Figure 1.1). Variability of solar spectral
radiative output, the topic of the present thesis, is therefore key in understanding solar
magnetism and climate change, which are two of the top-most unsolved problems in
physics.1
Solar irradiance variability is one of the manifestations of the sun as a magnetically
active star. Generated by a solar dynamo located in the turbulent convection zone,
magnetic fields evolve, and emerge in the solar atmosphere as active regions. These
active regions typically consist of bright faculae and dark sunspots that enhance and
deplete the solar irradiance, respectively. Transiting across the solar disk, they cause
net variations in irradiances, which may result in the apparent 27-day solar rotation sig-
nature. The enhancement and disappearance of the active regions during the 22-year
solar magnetic cycle (with polarity reversal every 11 years) lead to the 11-year solar
1The other unsolved problems in physics are quantum gravity, understanding the nucleus, fusion en-
ergy, turbulence, glassy materials, high-temperature superconductivity, complexity, and consciousness.
This is according to the December 1999 issue of Physics World, published by the Institute of Physics, the
British professional organization of physicists celebrating its 125th anniversary.
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FIGURE 1.1: Radiative forcing relative to the start of industrial era. According to In-
tergovernmental Panel on Climate Change (IPCC) [2007], the radiative forcing due
to changes in the solar output has a low level of scientific understanding (LOSU).
This thesis attempts to improve the current state-of-art by quantifying solar spectral
irradiance variability over 27-day solar rotations and extrapolating 11-year solar cycle
timescales using data from SCIAMACHY instrument aboard ENVISAT (2002–present).
cycle irradiance variations. Both the 27-day and 11-year variations are the dominant
periodicities of solar variability on short timescales. Although other magnetic sources
on the solar surface (e.g. network, plage, etc) are at play as well, bright faculae and
dark sunspots contribute to more than 80%–90% of the irradiance (TSI and SSI) vari-
ability. There is a high demand to quantify TSI and SSI variability of which a simple
and straightforward way is to model solar irradiance variability in terms of these two
competing magnetic sources (faculae and sunspots), which is the topic of this thesis.
Solar irradiance variability drives the Earth’s weather-climate system. It plays an im-
portant role in the energy budget of the upper atmosphere. The changes in UV directly
modify via photolysis of stratospheric and mesospheric ozone and other trace gases,
which in turn, modify atmospheric heating (by absorption) and the wave structure. Wave
perturbations that dynamically couple the middle and the lower atmosphere drive large
scale atmospheric circulation [Arnold, 2002; Haigh, 2007; Brasseur et al., 2010]. The
meridional residual circulation governs the ozone distribution in the lower stratosphere
and its inter-annual variability [Weber et al., 2003; World Meteorological Organization
(WMO), 2007, 2011]. Direct (radiative forcing) and indirect modification (atmospheric
dynamics) by solar activity impact ozone from the mesosphere down to the tropopause.
2
Solar irradiance variability is quantified by regularly monitoring the total solar irradi-
ance (TSI) and solar spectral irradiance (SSI) from space. Both TSI and SSI variability
are very relevant for all major themes in an international program called Climate and
Weather of the sun-Earth System (CAWSES).2 As shown in Figure 1.2, these themes
are (1) solar influence on climate, (2) space weather: science and applications, (3)
atmospheric coupling processes, and (4) space climatology. CAWSES aims at signif-
icantly enhancing our understanding of the space environment and its impact on life
and society that may be influenced by variations in the solar-terrestrial environment,
and global changes in climate and ozone. The ultimate goal of solar-terrestrial physics
is to have an end-to-end modeling capability so that physical processes can be repre-
sented throughout the entire sun-Earth system [Basu and Pallamraju, 2006].
FIGURE 1.2: The parameters SSI (solar spectral irradiance) and TSI (total solar ir-
radiance) variability form the heart of solar-terrestrial studies. This figure shows how
these two parameters couple, for example, the four science themes of CAWSES (Cli-
mate and Weather of the sun-Earth System). Direction of arrow depicts flow of in-
formation or data. In alphabetical order, the abbreviations shown in figure stand for:
ENSO, GCR, GW, NAO, and QBO, El-Nin˜o/Southern Oscillation, Galactic Cosmic Ray,
Gravity Wave, North Atlantic Oscillation, and Quasi-Biennial Oscillation, respectively.
“One-Earth” maps are series of space weather data products from international collab-
oration that brings together data from a world wide network of ground sites. Adapted
with permission from Figure 5 of Basu and Pallamraju [2006] c⃝ (2006) Elsevier.
Sponsored by SCOSTEP (Scientific Committee on Solar-Terrestrial Physics) and ILWS
(International Living With a Star), it was implemented during the 2004–2008 period
2http://www.cawses.org/CAWSES/Home.html
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(phase I) and 2009–2013 (phase II). This international initiative has led to the creation
of several national CAWSES programs in several countries. These countries include
India, Japan, Taiwan, France, and Germany3. As part of the national CAWSES activity
in Germany, this present work was carried out under the SOLOZON project (“SOLar
irradiance variability on hourly to decadal scale from SCIAMACHY and its impact on
middle atmospheric OZONe and ozone-climate interaction”, with Mark Weber as PI or
Principal Investigator).4
1.2 The sun as a magnetic variable star
The sun is an average middle-age, typical main-sequence yellow dwarf star. It belongs
to the spectral type G2V by spectral classification of stars.5 It is about 4.6 Gyr (4.6×109
years) in age. It has another 5 Gyr left to burn its hydrogen before it enters the red
giant stage. By spectroscopic observation of elements such as calcium and iron, the
sun is at least a second-generation star, whose elemental composition originates from
remains of exploding stars or supernovas.
1.2.1 Journey of photons through parts of the sun
By following the escape of photons in the radially outward direction [see, for example,
Jenkins, 2009], we can describe the inner and outer parts of the sun, layers of the
solar atmosphere, where the solar radiation finally emanates (cf. Figure 1.3). As a
result of nuclear fusion in the core (from the center to approximately 0.25 of the solar
radius or 0.25R⊙), solar photons in the form of high-energy gamma rays (cf. Figure
1.4) diffuse their way radially outward slowly passing the radiation zone (about 0.25
to 0.69R⊙) and convection zone (about 0.70–0.71R⊙ to the surface) via random walk,
eventually emerging at the sun’s tenuous atmosphere. At about 17,000 to 50 million
years from their production, they emerge at the apparent solar surface (photosphere
with temperature of about 6000 K) mainly as low-energy infrared (IR) and visible (vis)
photons. In other words, each high-energy (gamma ray) photons in the sun’s core is
converted into several million low-energy (vis-IR) photons at the photosphere before
3http://www.iap-kborn.de/DFG-Schwerpunktprogramm.63.0.html
4http://www.iap-kborn.de/CAWSES-Projekt-SOLOZON.373.0.html
5Stars can be classified depending on the temperature of the photosphere of stars. Using Wien’s
displacement law different groups are represented by alphabets. The standard classes are O, B, A, F,
G, K, and M with temperature in units of 103 K, 30–60 (bluish), 11–30 (bluish white), 7.5–11 (white with
bluish range), 6.5–7.5 (yellow white), 5–6 (light yellow), 3.5–5 (light orange), and 2–3.5 (reddish orange),
respectively [see, for example, Koupelis, 2010]. In order of decreasing luminosity, Roman numerals 0,
I, Ia, Ib, II, III, IV, V, and VI designate luminosity class. The numerals are associated to hypergiants,
supergiants, bright giants, giants, subgiants, dwarfs, and subdwarfs, respectively [see, for example, Gray,
2005].
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FIGURE 1.3: The interior and atmosphere of the sun. The solar interior con-
sists of the core, radiative, and convection zones. The photosphere, chro-
mosphere, and corona form the atmosphere of the sun. Figure adapted
from the link http://www.lcsd.gov.hk/CE/Museum/Space/EducationResource/
Universe/framed_e/lecture/ch11/ch11.html
escaping to space. Photons may interact further with matter in the upper solar atmo-
sphere (chromosphere, transition region, and corona), where they gain energy and form
ultraviolet (UV), X-ray, and gamma-ray radiation. The sun, therefore, emits solar pho-
tons that range from the very short-wavelength gamma-ray, X-ray, to ultraviolet (UV),
visible (vis), infrared (IR), and very long-wavelength radio waves, altogether making up
what we refer to as the electromagnetic (EM) radiation, the solar spectrum, or the so-
lar spectral irradiance (SSI).6 The bulk of radiation from the sun, which is in the vis-IR
spectral region, is emitted by the photosphere and the UV, which emanates from the
chromosphere. In this thesis, emphasis will be paid on the vis-IR spectral region, its
variation in time, and the physical mechanism underlying its changes.
Top panel of Figure 1.5 shows that the sun radiates the most energy from the visible
(vis) and infrared (IR) spectral regions with maximum in the wavelength of 480 nm.
At the vis and IR spectral regions, the solar spectrum can be approximated as an
emission of a Planck’s blackbody at a temperature of 5775 K. However, this simple
6The sources of EM radiation include continua from the free-free, free-bound, gyroresonance, and
synchrotron mechanisms. The latter two mechanisms depend strongly on the magnetic field intensity and
orientation. Other mechanisms contributing to EM radiation are from emission lines formed by upper-level
transitions in hydrogen or other ions.
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blackbody interpretation of the solar spectrum may be valid when the sun is viewed
from the center of the disk and may deviate when viewed over the whole disk. This
is because there is a vertical gradient in the sun’s atmosphere, and the opacity of the
gas is a function of both wavelength and temperature. Photons of different wavelength
originate at different depths in the photosphere and chromosphere. In the infrared,
the opacity is so high (largely determined by negative hydrogen ions7) that only a thin
layer of quite uniform temperature over the entire disc. At the visible and in the UV,
the attenuation by a greater layer of the atmosphere causes limb darkening. When the
sun is viewed at moderate to high resolution, the solar spectrum contains countless
narrow, dark absorption lines, called Fraunhofer lines. Examples of these lines are the
magnesium h and k lines (279.5 and 280.2 nm), sodium D lines (589.0 and 589.6 nm),
ionized calcium H and K lines (393.4 and 396.8 nm), hydrogen Balmer lines (656.3,
486.1, 434.0, and 410.2 nm for Hα, Hβ, Hγ, and Hδ, respectively), and calcium IR
triplet lines (849.8, 854.2, and 866.2 nm). This reveals a comparatively cool thin layer
(∼ 600 km thick), immediately above the photosphere. This layer contains gases that
gave rise to these Fraunhofer lines [see, e.g., Phillips, 1995].
FIGURE 1.4: Proton-proton (pp) chain of reactions dominant at the temperatures of the
sun’s center consumes all in all, six protons (6 1H) creating a helium nucleus (4He) and
two free protons. Apart from the result of collision of a proton (1H) and a deuteron (2H)
to give an isotope of helium (3He), gamma radiation γ is produced also when a positron
(e+) annihilates with an electron (e−). The high-energy gamma radiation escapes at
the photosphere as low-energy vis-IR radiation. In addition, electron neutrinos (νe) are
produced. Adapted from Figure 2.5 of Bradt [2008]
1.2.2 Manifestations of solar activity
The solar irradiance spectrum in the visible and IR closely follows the radiation of a
blackbody at 5775 K, cf. top panel of Figure 1.5. This temperature is roughly the
7A negative hydrogen ion is a neutral hydrogen atom that acquired a second electron. The energy to
remove this electron or ionization potential is 0.75 eV, which corresponds to a photon wavelength of 1.655
µm. The combined free-bound (with absorption coefficient reaching maximum at 840 nm) and free-free
(with absorption coefficient rising continuously towards the IR) is lowest near 1.6 µm, which is also called
the H− opacity minimum. See, for example, Glass [1999].
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temperature at the visible solar surface (photosphere). In the UV the irradiance cor-
responds to higher blackbody temperatures as observed in the transition region and
chromosphere. The variations with 27-day (solar rotation and Carrington cycle) and
11-year (solar cycle or Schwabe cycle) periods as shown in bottom panel of Figure 1.5
are strongest in the UV (about 50% at Lyman alpha, 121.5 nm) and are much weaker
in the visible and IR (well below 1%) [Rottman, 2006; Fro¨hlich and Lean, 2004a]. The
magnetic activity during the 11-year solar cycle exhibits a zoo of surface features that
are called active regions and are responsible for changes in different parts of the elec-
tromagnetic spectrum [Schrijver and Zwaan, 2000, and references therein]. Following
Schrijver and Zwaan [2000, and references therein], we introduce below a glossary of
the most important non-magnetic and magnetic features in the photosphere and chro-
mosphere.
In the photosphere, the non-magnetic features are limb darkening (light from cool higher
layers), granulation (bright granules surrounded by darker intergranular lanes). The
magnetic structures are the dark sunspots and bright faculae. Sunspots are dark sur-
face features. They have a lighter outer section called the penumbra and a darker inner
region called the umbra. Sunspots without the penumbral structure are called pores.
Over several days to months, they expand to form what is known as sunspot groups.
Faculae, a Latin word for small torches, or more precisely photospheric faculae are
small but numerous bright patches on the photospheric surface. They become visible
near the limb in white light, where there is more contrast with respect to the quiet sun
because emission originates from the uppermost layers of the photosphere. In active
regions, they usually appear around dark sunspots and in the photospheric network.
In the next upper layer, the chromosphere, plages become visible when viewed using
monochromatic filters operating in the core of a strong spectral line in the visible or in a
continuum or line window in the red Balmer line (Hα, 656 nm).8 They lie just above the
photospheric faculae. They appear as tightly knit bright fine mottles in the Ca II H (393
nm) or K (396 nm) line, as strongly elongated mottle or fibril. Similar to the faculae,
plages are bright features that enhance irradiances predominantly in the UV.
When active regions evolve and reach maximum development, faculae appear in plage
and in irregular network faculae (enhanced network). Along the sunspot belts, on either
side of the solar equator up to latitudes of ∼35◦, young active regions have two mag-
netic polarities found in a nearly east-west bipolar arrangement with western parts of
the active region tending to be of negative (positive) polarity in the north (south) solar
hemisphere, the Hale’s polarity law. However, polarities may get distributed in a more
irregular pattern than a simple bipolar arrangement transforming active regions to what
is referred to as ‘activity complex’.
8A plage is a French word for beach or beach of bright white sand.
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FIGURE 1.5: Solar spectrum (top) compared with blackbody radiation at 5775 K, and
radiation arriving at Earth’s surface (H = 0), the altitude of absorption in Earth’s at-
mosphere (middle) for three smoothed optical depths, and 11-year variability (bottom)
between solar maximum and minimum values based on the last cycles 22 and 23.
Adapted with permission from Figure 3 of Gray et al. [2010] c⃝ (2010) American Geo-
physical Union.
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1.2.3 Magnetic solar cycle
FIGURE 1.6: Solar cycle model by Babcock-Leighton. Differential rotation stretches
the global poloidal fields (a) and wrap them around the sun (b). Becoming deformed
into global toroidal fields, more twisted, and buoyant, the poloidal fields break out at
the visible solar disk forming magnetic loops and bipolar sunspots in two belts, one
in northern and the other in southern hemisphere. Adapted from Figure 3.17 of Lang
[2009]
Babcock-Leighton model The well-known solar surface manifestations of the solar
activity cycle are explained by the Babcock-Leighton model [Antia et al., 2003; Seeds
and Backman, 2006; Lang, 2009, and references therein]. The main feature of the
Babcock-Leighton model consists of a reversing, self-sustaining dynamo. In the solar
dynamo theory, the solar magnetic field is repeatedly tangled and untangled from one
cycle to the next, which corresponds to the reversal of magnetic polarity. Below, we
briefly recall its mechanism that converts via differential rotation the poloidal into a
toroidal global magnetic field geometry towards maximum solar activity and via random
dispersal and diffusion-like migration the global toroidal back to global poloidal fields
towards minimum solar activity. The former mechanism from poloidal to toroidal global
magnetic field geometries is sketched in Figure 1.6. The latter mechanism from global
toroidal to poloidal magnetic field geometries is not shown. Differential rotation is the
varying rotation of the photosphere, i.e., faster rotation at lower (26.8◦ per day at the
equator) than at higher (31.8◦ per day at 75◦ latitude) latitudes.
At the start of low solar activity cycle, global magnetic field lines are polar or poloidal, i.e.
they run from north to south poles. They are created in the convection zone (0.71–1R⊙)
and are carried by the highly conductive, rotating material inside the sun. Differential
rotation drags the magnetic field along, wraps them around the sun in the direction to-
wards the faster spinning equatorial region. The ascending phase of solar activity cycle
begins. The global poloidal fields are then changed into toroidal fields, i.e. they run from
east to west directions. The latter fields are created in the tachocline (0.69R⊙ at equa-
tor), a thin layer located near the bottom of the convection zone; below the tachocline,
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the sun rotates like a solid object. As the magnetic loops become more intertwined, the
magnetic field strength intensifies. With the occasional rising and sinking convection
currents and with the aid of the Coriolis force, the fields become twisted into ropelike
tubes. These ropelike tubes are the site of pairs of sunspots or magnetic loops when
they emerge at the sun’s surface from high to mid latitudes (about 30◦ to 35◦ solar lati-
tude in both the northern and southern hemispheres). Usually the emergence is driven
by local convection or magnetic buoyancy. That is, with increasing magnetic strength,
the submerged magnetic fluxtubes become buoyant, then they rise and break out to
form the visible bipolar active-regions at the solar disk. About this time when half of the
solar cycle has passed, the solar activity reaches maximum levels, weak polar fields9
(2–10 gauss) reverse polarity.10 From the sunspot-pair point of emergence, they then
migrate towards the equatorial region (closer and closer to the equator without reaching
it) as the solar cycle advances (Spo¨rer’s law). The latitude of emergence also moves
towards the equator. The plot of changing positions of bipolar regions resembles the
wings of a butterfly, and therefore has been called the Maunder butterfly diagram, cf.
Figure 1.7. This diagram shows that the zone occupied by the spots (15-20 degrees of
latitude wide) moves steadily towards the equator over 11 years. The first (last) spots
of a new (the ensuing) cycle are centered around latitudes 25 - 30 degrees (20 degrees
closer to the equator).
Towards the end of the activity cycle, the descending phase, deep meridional circulation
(north-south flow), supergranular diffusion, and poleward flows mix and cancel polar-
ities.11 By the time the solar minimum is reached, active regions have disintegrated,
submerged, or annihilated each other. The sequence is repeated at reversed polarity
and towards its end, a magnetic cycle (Hale cycle) of 22 years is completed, each full
Hale cycle includes two 11-year cycles, i.e., two Schwabe cycles.
The Babcock-Leighton model of solar activity cycle explains most of the cyclic aspects
of solar magnetism. These include the 11-year periodicity of sunspot number, cyclic
migration towards the equator, better known as butterfly diagram or Spo¨rer’s law, and
the east-west orientation, location and polarity of bipolar sunspot pairs or Joy’s law;
periodic reversal of magnetic polarity or Hale’s polarity law.
9One gauss (1 G) is the cgs unit of magnetic flux density. It is equal to 0.0001 Tesla (T).
10The reversal of polarity was first observed at the peak of solar cycle 19. The southern hemisphere
field changed first and was followed a year later by the northern hemisphere field. From the data obtained
at Mt. Wilson and at Kitt Peak, this polar field reversal was also observed after the solar maxima of cycles
20, 21, 22. See, for example, Foukal [2004].
11Not observed directly, the meridional flow is deduced from mass conservation, i.e., there should be
an equatorward counterflow somewhere near the base of the convection zone.
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FIGURE 1.7: Butterfly diagram of the latitudinal distribution of sunspots. Vertical lines
mark the official minima of the sunspot cycle, the inclined solid lines are estimates of
the boundaries between individual cycles. Cycle numbers are indicated at the top of
each cycle. Adapted from Figure 2 of Benz [2009]
1.3 The sun-climate link
The solar radiative output and its changes arrive at the top of the Earth’s atmosphere.
The radiative output determines the thermal structure of the Earth’s atmosphere and
Earth’s radiation budget. It has an impact on the general circulation, ozone photo-
chemistry, and weather-climate system. For illustration, Figure 1.8 shows the change
in thermal structure of the Earth’s neutral atmosphere from solar minimum to maximum
in the 11-year solar cycle.
Substantial effects due to variability over 11-year solar cycle and 27-day solar rotations
are straightforward such as direct penetration of energetic photons that initiate photo-
chemical processes. Solar signals impact ozone and temperature above approximately
25 km altitude. Below this altitude, the influence of the sun is less pronounced and oc-
curs indirectly via complex dynamical processes. Focusing on the effects due to solar
variability of electromagnetic radiation, these direct and indirect processes are briefly
discussed in the following subsections [Brasseur et al., 2010, and references therein].
Not included in the ensuing discussion are the effects due to variability of particle pre-
cipitation (protons and electrons). While most of these particles originate from various
sources, some of them come from the sun, for example, as a result of solar flares di-
rected towards the Earth [see, for example, Rohen et al., 2005; Randall et al., 2007;
Jackman et al., 2008].
1.3.1 Search for amplification mechanisms
Regular monitoring of the irradiance from space since early 1980s has shown that
the solar constant varies about 0.08–0.1% between minimum and maximum of a solar
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FIGURE 1.8: Illustration on the influence of changes of solar radiative output to the
thermal structure of the Earth’s neutral atmosphere. Eleven-year cycle solar radia-
tive ouput changes showed a negative (positive) response in the stratosphere (meso-
sphere). From solar minimum to average solar maximum conditions, there is a 2–3%
decrease from its mean temperature value in the stratosphere, and 46% increase in
100 units of F10.7 cm solar radio flux in the upper mesosphere. Pressure increases
by 5% in the stratosphere and 16–18% in the upper mesosphere compared to mean
pressure values. The notation P and P ′ for pressure during solar maximum and solar
minimum, respectively. The subscripts, m-, s-, and t- stand for meso-, strato-, and
tropo-, respectively; and -p and -s for -pause and -sphere, respectively. Adapted from
Figure 2.20 of Mohanakumar [2008]
cycle. With a mean value of 1366 W m−2 [de Toma et al., 2004a] from most TSI com-
posites (or 1361 W m−2 [Kopp et al., 2005] from recent TIM aboard SORCE, PREMOS
aboard PICARD, and corrected ACRIM III data)12, this is about 1.5 W m−2, of which
the Earth intercepts 1.54 W m
−2, the 11-year change of TSI times the ratio of Earth’s
sunlit disk area over its surface area. Over longer time scales starting from the begin-
ning of industrial era, a possible secular change in TSI is estimated to be 0.12 W m−2
with uncertainties of 0.06 to 0.30 W m−2. See Figure 1.1. Compared to the radiative
forcing of 1.66 W m−2 produced by enhanced concentrations of greenhouse gases, the
secular change of TSI is considerably small. From a simple textbook model of radiative
transfer processes (albedo of 0.31, shortwave transmission of close to 1.0, and long-
wave transmission of 0.2), this secular change of TSI contributes an 0.07 K surface
12For more details, see Section 2.2.2.
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temperature change, which is a factor of 10 smaller than the surface temperature trend
observed since the start of industrial era. Therefore some amplification mechanisms
have to occur in order for solar irradiance variability to play a stronger role in Earth’s
climate change.
1.3.2 Absorption of solar radiation in the Earth’s atmosphere
The amount and spectral properties of the atmospheric constituents determine how the
solar radiation is absorbed in the Earth’s atmosphere as a function of altitude, cf. middle
panel of Figure 1.5. Above 100 km altitude in the thermosphere, X-ray and EUV radi-
ation are absorbed. The Lyman-α line, 121.6 nm, penetrates down to 70 km altitude.
As shown in Figure 1.9 in terms of solar heating rate, the solar radiation in the wave-
length 120–180 nm (Schumann-Runge continuum of molecular oxygen), 180–200 nm
(Schumann-Runge bands), and 200–300 nm (Herzberg oxygen continuum and Hart-
ley ozone bands) are absorbed above 80–120 km, 40–95 km (mesosphere and upper
stratosphere), and below 50 km (stratosphere) altitude, respectively. Above 300 nm
(Huggins and Chappuis ozone bands), solar radiation reaches the surface. Because
11-year solar cycle or 27-day solar rotation variability is larger at shorter wavelengths,
which is mostly absorbed in upper layers of the atmosphere, the direct influence of
solar variability decreases with altitude. In the mesosphere, temperature, water vapor
and polar mesospheric clouds have been observed to be modulated by solar variability
[Hervig and Siskind, 2006; Robert et al., 2010]. In the stratosphere, changes of temper-
ature and ozone concentrations have been observed, too [Austin et al., 2008; Randel
et al., 2009]. Down to the troposphere, the influence of solar variability has been been
identified but is less well established in zonal mean temperature, surface pressure in
the North Pacific, and global average surface temperature [Gleisner and Thejll, 2003;
Haigh and Blackburn, 2006; Matthes et al., 2006].
1.3.3 Stratospheric ozone photochemistry
The dominant solar UV and visible radiation absorbers are ozone (Hartley, Huggins,
and Chappuis bands) and molecular oxygen (Schumann-Runge continuum and bands,
Herzberg continuum). Stratospheric ozone photochemistry consists of the following
chain reactions [Haigh, 2007].
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FIGURE 1.9: Diurnal average solar heating rate. The figure shows in log scale the di-
urnal average solar heating rate in units of K d−1 as a function of altitude for equinoctial
conditions at the equator. Shown in the figure are contributions from the Schumann-
Runge continuum and bands (SRC and SRB), the Herzberg continuum (Hz) and the
Hartley (Ha), Huggins (Hu) and Chappuis (Ch) bands. Adapted with permission from
Figure 25 of Haigh [2007, and references therein]. c⃝ (2007) Max Planck Society and
J. Haigh.
From top to bottom reactions, the following occurs.
(1) photodissociation of oxygen molecules, O2, at wavelengths less than 242 nm.
(2) oxygen atoms from (1) react with oxygen molecules to produce ozone molecules,
O3. M is any other air molecule, whose presence is needed to conserve momen-
tum and kinetic energy for a three-body collision.
(3) photodissociation of ozone, mainly by Hartley band absorption at wavelengths
less than 310 nm, into one atom and one molecule of oxygen.
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(4) destruction of ozone by combination with an oxygen atom
(5)–(6) destruction of ozone by any catalyst X, which may include OH, NO, Cl, and Br.
The presence of the catalyst X lowers the energy of activation for the reaction and
increases the efficiency of the decomposing an ozone atom and oxygen atom into
two oxygen molecules.
The first two pathways, (1) and (2) for ozone formation, occur mostly in the lower strato-
sphere (15 to 25 km), where little UVC radiation (100-290 nm wavelength) from the sun
penetrates. The concentration of molecular oxygen is high in this region. Together with
atomic oxygen the molecular oxygen rapidly forms into ozone. The rapid ozone forma-
tion keeps the concentration of atomic oxygen very low. The last two pathways, (5) and
(6) for ozone destruction, occur mostly in the upper and middle stratosphere (25 to 50
km).
1.3.4 Atmospheric dynamics
In the absence of circulation or transport, most ozone would be produced at low lati-
tudes in the upper stratosphere where photodissociation is most favorable. From ob-
servations, however, ozone is higher at mid- and high latitude as a result of transport
by the mean meridional circulation [Dobson, 1956]. The atmospheric circulation dis-
tributes ozone in such a way that it is transported away from its source region towards
the winter pole and downwards. In the lower stratosphere ozone has a long photo-
chemical lifetime on the order of weeks to few months and is subject to advection and
mixing processes. During winter ozone accumulates in the polar region due to en-
hanced transport as result of planetary wave activity in the winter hemisphere driving
the meridional circulation [see, for example, Weber et al., 2011]. After the sun returns
in early spring, photochemical destruction of ozone begins and ozone at high latitudes
decreases towards its seasonal minimum at the end of the summer. The amplitude
of solar cycle variability at short wavelengths is larger than at long wavelengths, and
ozone formation is more strongly modulated by solar activity than its destruction. The
overall effect during high solar activity is a higher net production of stratospheric ozone
particularly in the tropics. Solar cycle effects at higher latitudes are then mainly results
of modulation in the thermal structure altering circulation.
The link establishing solar variability and climate (troposphere) requires a potential am-
plification mechanisms that could be driven by meridional circulation and zonal winds
[Brasseur et al., 2010, and references therein]. For a schematic diagram on the link,
see Figure 1.10. Intriguing and still open for more research the following are three am-
plification mechanisms that have been proposed to explain the effects of solar variability
in the troposphere.
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1. Top-down mechanism. Proposed by Haigh in 1996, Kodera and Kuroda in 2002,
and Shindell and co-workers in 1999, this mechanism is the downward prop-
agation of stratospheric perturbation that induce changes of weather patterns
below the tropopause, or dynamical disturbances in the troposphere. Changes
in UV directly impact the stratosphere, which indirectly impact the surface via
stratosphere-troposphere coupling.
2. Bottom-up mechanism. Proposed by Meehl and co-workers in 2003, this mech-
anism is forced by direct solar heating (mainly by changes in TSI) of the sea
surface and dynamically coupled air-sea interaction, affecting, for example, evap-
oration and low-level moisture.
3. Combined top-down and bottom-up mechanism. As proposed by Rind and co-
workers in 2008 and Meehl and co-workers in 2009, the above two mechanisms
play in the same direction and add together. That is, stratospheric disturbances
propagate downward at the same time excess heat storage from ocean propa-
gates upward during high solar activity to produce an amplified sea-surface tem-
peratures, precipitation, and cloud response in the tropical Pacific.
1.4 State of the art
Most of the solar radiation is formed in the chromosphere and photosphere. The latter
layers of the solar atmosphere are the site of surface manifestation due to the mag-
netically variable sun as described by the Babcock-Leighton model. Changes in total
and solar spectral irradiance are expected to be not the same in different regions of the
electromagnetic spectrum. According to Intergovernmental Panel on Climate Change
(IPCC) [2007],13 the following are the current understanding on the variability of the
total radiative output or ‘solar constant’.
1.) Based on the two most recent cycle minima of cycles 22 and 23, the long record
of solar constant does not have a long-term trend.
By merging several TSI measurements from different platforms, different ver-
sions of a TSI composite were created based on different assumptions and con-
siderations, namely: PMOD (Physikalisch-Metorologisches Observatorium Davos
of the World Radiation Center), ACRIM (Active Cavity Radiometer Irradiance
Monitor of the Jet Propulsion Laboratory) and SARR (Space Absolute Radiomet-
ric Reference from the ATLAS 2 mission) [Fro¨hlich and Lean, 1998b; Willson and
Mordvinov, 2003; Dewitte et al., 2004]. The ACRIM irradiance composite shows
an increase in excess of 0.04%, which is believed to be of instrumental rather
13See Sections 2.7.1.1.1 to 2.7.1.1.2 of Intergovernmental Panel on Climate Change (IPCC) [2007]
report.
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FIGURE 1.10: Solar UV influence on the winter stratosphere. Enhanced solar UV or
space plasma warms up the thermosphere causing the speeding up of upper atmo-
spheric jets. This, in turn, causes gravity wave flux to be reduced and a weakening
of the global circulation. Diminishing upward propagating planetary waves from the
troposphere leads to a strengthening of the winter stratospheric polar vortex resulting
in reduced ozone transport into high latitudes and increased polar ozone loss (ozone
hole condition). Adapted with permission from Figure 7 of Arnold [2002] c⃝ (2002) The
Royal Society.
than solar origin. The PMOD composite shows a nearly constant to better than
0.01% trend between successive solar minima. The SARR composite shows a
long-term order of 0.01%, which was shown to be not statistically significant.
2.) TSI variability is driven by the presence of magnetic solar surface activity domi-
nated by bright features on the sun’s surface called faculae that enhances total
irradiance and dark surface features called sunspots that depletes it.
Models of TSI variability employing faculae and sunspot proxies that them-
selves do not exhibit a significant secular trend between recent successive solar
minima (cycles 22 and 23). Other regular measurements of galactic cosmic rays
(GCRs) and F10.7 cm radio flux starting in the 1950s also do not show a long-
term trend during this period (solar minima of cycles 22 and 23). GCRs are en-
ergetic particles that are accelerated into interplanetary space and are believed
to originate from supernovas in the galaxies outside the solar system. They are
modulated by solar wind changes during the solar cycle, with less GCR reaching
17
the Earth at high solar activity. The aa geomagnetic index measures the response
of the geomagnetic field to fluctuations in the solar wind.
Regarding the variability of the spectral decomposition of the solar constant, the fol-
lowing are the current understanding on the variability of the solar spectral irradiance
[Intergovernmental Panel on Climate Change (IPCC), 2007].14
1.) Regular monitoring of ultraviolet (UV), visible and near-infrared (vis-NIR) spec-
trum from SORCE (and SCIAMACHY, author’s remark) observations show that
changes occur at all wavelengths. Like the changes of the solar constant, the
changes of spectral irradiance are driven by the competing effects of bright facu-
lae and dark sunspots.
2.) Over the 11-year solar cycle time scale, bolometric facular brightness exceeds
sunspot darkening by about a factor of two. From minimum to maximum of the
solar cycle, there is an increase at most, if not, all wavelengths. No direct mea-
surements are yet available for longer wavelengths than 300 nm. (Author’s re-
mark: SORCE and SCIAMACHY provide at the time of writing seven to eight
years of regular measurements, which cover more than half the solar cycle.)
TABLE 1.1: Estimated solar cycle changes of irradiance from the minimum to the
maximum of the solar cycle. Values taken from Intergovernmental Panel on Climate
Change (IPCC) [2007]. Note: all reported percentages are positive.
Spectral irradiance changes
200 to 300 nm 1.3%
315 to 400 nm 0.2%
400 to 700 nm 0.08%
700 to 1000 nm 0.04%
1000 to 1600 nm 0.025%
Total irradiance changes
0 to ∞ 0.08%
3.) Over the 27-day solar rotation period during strong solar activity, sunspot dark-
ening can exceed faculae brightening. This results in spectral irradiance de-
crease at most wavelengths outside the UV spectral region. SORCE (and SCIA-
MACHY, author’s remark) satellite measurements provide direct measurements
of these spectral changes. They provide tests of wavelength-dependent faculae
and sunspot proxy-based parametrization in spectral irradiance variability models.
14See Sections 2.7.1.1.3 of Intergovernmental Panel on Climate Change (IPCC) [2007] report.
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1.5 General and specific objectives
General objective In this contribution, our main objective is to develop a simple spec-
tral irradiance model that can be used to quantify spectral variations over 27-day, an
11-year and over several 11-year solar cycle timescales. The model, which we call
the SCIA proxy model, is based on selected timeseries (over several solar rotations) of
solar measurements from SCIAMACHY. To put the short-term variations in perspective
to decadal changes in solar activity, the timeseries is parametrized in terms of solar
proxies.
Specific objectives With recent advances in global observations of atmospheric com-
position and solar output from different satellite platforms, a better understanding of
solar spectral irradiance variability may be achieved. The SCIAMACHY [Burrows et al.,
1995; Bovensmann et al., 1999; Gottwald et al., 2006] UV/vis/NIR spectrometer was
launched aboard ENVISAT in 2002. It provides the unique opportunity for measure-
ments of trace constituents from the troposphere up to the mesopause at moderate
vertical resolution and with global coverage every six days. It was proposed prior to the
smaller nadir viewing instrument GOME (1995–present) [Weber et al., 1998; Weber,
1999; Burrows et al., 1999] that continues to measure total column observations of O3,
NO2 and other minor trace gases since, at the time of writing, about one and a half
decade ago. In addition to trace gas retrievals, direct measurements of the extraterres-
trial solar spectra are performed by SCIAMACHY over the entire optical spectral range,
which enables us to extend solar spectral irradiance variability studies from the UV into
the less known vis-NIR region. This dissertation aims to address the following scientific
questions:
(1) What can be learnt about solar variability in the vis-NIR irradiances as observed
by SCIAMACHY on short-term timescales from daily to a solar rotation period
(27-day or monthly) and to solar cycle (11-year or decadal) timescales?
(2) How do the observed (radiometrically calibrated) solar spectral irradiances from
SCIAMACHY compare with reference spectra observed from ground and other
satellite data?
(3) Can we parametrize SCIAMACHY solar spectral irradiance variability in terms of
changes in solar proxies such as the Mg II core-to-wing index (faculae brighten-
ing) and PSI (photometric sunspot index for sunspot darkening)?
(4) From the proxy-based parametrization of SCIAMACHY spectral irradiances, can
the decadal UV-vis-NIR irradiance be accurately estimated assuming that vari-
ability on 27-day and 11-year timescales are similar, i.e., by assuming a linear
scaling?
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(5) How do the reconstructed spectral irradiances compare with state-of-the-art solar
atmosphere models, empirical models, and other space observations from daily
to decadal time scales?
(6) What other outstanding problems in solar physics that SCIAMACHY may con-
tribute to improve their scientific understanding?
To address these questions, the following challenges have to be overcome.
• SCIAMACHY is designed mainly to be an atmospheric sounder and is not a solar-
dedicated instrument. It does posses sophisticated in-flight calibration mecha-
nisms to characterize its instrumental degradation. However, absolute SSI mea-
surements are not among SCIAMACHY primary objectives and available correc-
tions for instrumental degradation due to the hard radiation environment in space
are so far insufficient to re-calibrate solar observations to absolute radiometric
units.
• SSI variations above 400 nm, the main spectral region of interest, are well be-
low 1% and, therefore, below the radiometric accuracy and long-term stability of
space instruments including SCIAMACHY.
• For short time periods (several 27-day solar rotations) free of instrumental per-
turbations, the relative accuracy of SCIAMACHY can be shown to be in the per
mill percentage range. To extrapolate from short term variations to longer peri-
ods up to decadal or multi-decadal timescales, appropriate techniques need to be
developed.
Nevertheless, this dissertation will show that we have overcome the above-mentioned
difficulties. This work describes how we have addressed the major questions (1)–(6) as
outlined earlier.
1.6 Outline of cumulative thesis
To address the scientific objectives, this dissertation is divided into five chapters in-
cluding this introductory chapter. Chapters 3 to 5 are the three publications that are
enclosed to form a cumulative thesis.
• Chapter 2 provides a historical overview of quantifying irradiance variability.
• To address questions (1) and (2), Chapter 3 and Published Manuscript I present
a comparison of measurements from SCIAMACHY aboard ENVISAT, and SIM
aboard SORCE. The comparison investigates differences in the spectral and time
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domain to daily SSI measurements from other satellites, i.e., by comparing SSI
and integrated SSI as well as their corresponding time series.
• Chapter 4 and Published Manuscript II describe the proxy-based parametrization
procedures suited to model short-term variations from time series of the reduced
SCIAMACHY solar spectra. Together with the solar proxies, the derived regres-
sion coefficients form the SCIA proxy model, which is used to address ques-
tions (3) and (4). This model also includes empirical corrections for instrumental
anomalies and artefacts without the need for re-calibrating the SCIAMACHY data.
This model forms the basis for reconstructing past spectral irradiances in Chapter
5 (and Published Manuscript III).
• Addressing questions (4)–(5), Chapter 5 and Published Manuscript III describe
a typical application of the SCIA proxy model, the reconstruction of daily SSI.
This chapter illustrates how the SCIA proxy model is applied to reconstruct daily
irradiance variability covering the three most recent solar cycles 21 to 23 (starting
1972 to present).
• The last chapter, Chapter 6, provides concluding remarks, other open questions
to address new scientific problems, see question (6), and future perspectives.
1.7 Scope and limitations
The scope of this study is limited by the following considerations.
Data variability spectral coverage and resolution of SCIAMACHY. As a result of
absorption in the spectral channels 7 and 8 of SCIAMACHY by ice layers contaminating
the NIR detectors growing on the detector, our focus is in the wavelength range from
214 to 1750 nm that are covered by channels 1 to 6 of SCIAMACHY. The SCIAMACHY
instrument has different viewing modes (limb, nadir, solar and lunar occultation) for
which different optical paths for observing the sun are available. Only the optical path
with the combination of ASM (azimuth scan mirror) and solar diffuser mounted on the
back of the ESM (elevation scan mirror) are absolutely radiometrically calibrated and
are used in this study [Lichtenberg et al., 2006]. Measurement in this mode are carried
out once a day.
Time coverage. The availability of solar proxies defines our time coverage. The Mg II
core-to-wing ratio is available from 1978 while the photometric sunspot index or PSI is
available from 1874 to present. The period, 1978–present, is here referred to as the
satellite era. To reconstruct Mg II index backwards in time, a multivariate (F10.7 cm
radio flux, the square of F10.7 cm radio flux, and PSI) linear regression to the Mg II
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index has been performed that allows the extension of the SCIA proxy model back to
1947. However, the accuracy of the SCIA proxy model is lower since the F10.7 cm radio
flux correlates less well with the UV irradiance variations than with the Mg II index. Here
we focus on the three most recent solar cycles 21 to 23 commencing in 1972.
Time series analysis. In all our time series analysis, a simple multivariate linear re-
gression in the least-squares sense is applied. No forecasting but only reconstruction
of past spectral irradiances or hindcasting is attempted.
Relevant layers of solar and terrestrial atmospheres. The present work focuses
on the UV-vis-IR solar spectral regions from 240 to 1600 nm. In terms of where this
radiation is formed in the solar atmosphere, the relevant layers are, the photosphere
and chromosphere. Radiation at other wavelengths are formed at higher levels of the
chromosphere and the corona and in quite different physical regimes but they are less
relevant for Earth’s climate issues. In terms of where the majority of solar spectral
radiation is absorbed on Earth, the relevant layers are from the stratosphere (UV) down
to Earth’s surface and to the first hundred meters of the upper ocean layer (vis-IR).
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Chapter 2
Historical overview of monitoring
solar irradiance variations
Most parts of this historical overview are based on Chapter 7 of the book by Hufbauer
[1991] and Chapter 3 of the book by Hoyt and Schatten [1997]. The later parts on
measurement of total and spectral irradiance variability are taken from various review
articles [see, for example, Thuillier et al., 2004; Fro¨hlich, 2004b; Rottman et al., 2004;
Domingo et al., 2009]. The remaining parts on spectral irradiance models and recon-
struction of past spectral irradiances are taken from various review articles [see, for
example, Fox, 2004; Fro¨hlich, 2004b; Domingo et al., 2009].
2.1 The sun’s changing brightness
Whether the sun’s radiative output is constant or not has a long history that goes back
to the time when sunspots were discovered [Hufbauer, 1991; Hoyt and Schatten, 1997,
and references therein]. Sunspots are dark obvious features on the surface of the sun
appearing as great whirling storms. When they approach the edge or limb of the sun,
they are often accompanied by small bright patches or faculae (Latin for ‘little torches’).
As an interesting solar surface phenomena, the sunspots frequently make the news-
paper headlines in connection to terrestrial disturbances such as the climate-weather
and Earth’s magnetism. During the time when sunspots reached a maximum number,
magnetic storms increase to such extent that radio communication and navigation may
be affected.
Whether both dark sunspots and bright faculae that appear and disappear with a solar
cycle drive the variable sun’s total radiative output was not an open question. Many
scientists in the late 1800s considered the total solar irradiance to be constant. It was
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called the solar constant. Even up to 1950s there was a strong prevalence not to
measure the variations of the solar constant.
Nevertheless, few scientists thought that the sun brightness is influenced by sunspots
and the Earth is driven by the sun’s changing brightness. William Herschel, for example,
argued that the higher the number of sunspots, the larger would be the sun’s heat
output. In turn, the occurrence of sunspots dictates the price of wheat, the latter being
an index of weather. The wheat was expensive when the wheat was scarce, coinciding
with the time when sunspots were few. Conversely, periods of high sunspot numbers,
crops were abundant and prices low. This is Herschel’s conclusion made in 1801 after
investigating data from 1650–1717 [Taton, 1989].
Herschel proposed that the sun’s output and its variation should be measured.
2.1.1 Start of empirical studies of the sun
Thirty years after Herschel made his hypotheses, first solar radiometers were built in
the 1830s, and the sunspot cycle was discovered in the 1840s. The rise and fall of
sunspot numbers in about a 10 year period (now established as 11 years) was dis-
covered by Samuel Heinrich Schwabe. Using a powerful viewing telescope to observe
the sunspots, their populations and patterns for 17 years, he noticed an approximately
10-year cycle in the number of sunspots. The findings by Schwabe announced in 1843
were rejected and largely ignored, until they were taken up in 1851 by Alexander von
Humboldt in the third edition of Cosmos, his encyclopedic compilation of natural sci-
ence. Astronomers and scientists later confirmed the sunspot cycle [Todd and Angelo,
2005]. To honor the discoverer, this 11-year solar cycle is now known as the Schwabe
cycle.
2.2 Measurements of the solar constant
2.2.1 Ground-based measurements of the solar constant
Following the suggestion by Herschel, many pioneer scientists measured the sun’s vari-
able output. These scientists included Bouguer, Leslie, John Herschel, Pouillet, Melloni,
Soret, Forbes, Violle, Ericson, and Crova. Most of them made only one measurement,
and the measured total irradiance differed by as much as a factor of two. By this time,
the early attempts proved inadequate to provide a definitive answer.
One of the early measurements of the energy input from the sun were made by Claude
Pouillet in 1837. His method is based on calorimetry. A known amount of water in
a blackened copper vessel with a thermometer inserted is exposed to direct sunlight
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for a fixed period of time causing the temperature to increase. The amount of energy
incident from the sun is equal to the heat capacity of the device, and the measured
temperature rise. The ratio of the measured energy flow to cross-sectional area of the
copper vessel gave the total solar irradiance. Pouillet corrected for reflected sunlight
despite the device was blackened and atmospheric extinction. He obtained a value of
1260 W m−2 [Phillips, 1995].
Later in 1880, Samuel P. Langley used a thermoelectric based detector. It consisted of
thin blackened bimetallic strips to form arms of a Wheatstone bridge. This instrument is
called a bolometer. It utilizes the change in electrical resistance caused by the heating
effect of the radiation. One of the strips was exposed to sunlight, and the other unex-
posed. The resistance of the strip exposed to direct sunlight is changed producing a
measurable change in the current passing through the bridge. A relation of the change
in the current could then be used to determine the amount of incident solar radiation. To
minimize the correction due to the extinction of the Earth’s atmosphere, Langley trans-
ported his bolometer to the top of Mount Whitney (altitude 4400 m) in California. Here,
an extensive TSI measurements were made from 1902 until 1960 by Charles G. Abbott
in an attempt to verify possible changes in the total solar irradiance. Due to uncertainty
from the atmosphere that were on the order of 1.5%, their research was inconclusive.
Table 2.1 summarizes TSI measurements since the 1830s up to the time of writing.
The opinion of the solar physics community was divided, in the question if the sun’s
brightness changes with the sunspot cycle, or it did not. The latter opinion was sup-
ported by astrophysicists, who doubted any good evidence of such variation. But on
grounds on simplicity, the astrophysicists believed that the sun’s radiative output has
remained constant. This was the reason that the TSI was also termed as the ‘solar
constant’.
2.2.2 Satellite era and solar constant measurements
In the mid 1960s, advances in precision solar radiometry began. Not only sensitive
radiometers were developed but also portable ones that could be launched to space
and measure the sun’s radiative output outside the Earth’s atmosphere. Short term
variations of the solar constant would soon be detected, and this would later challenge
the long held view of unchanging solar luminosity [Hufbauer, 1991, and references
therein].
Three evidences for solar variability were presented at the Big Bear Workshop of May
1975.
First, John Eddy showed that the TSI was different in past centuries and there was a
connection between solar activity and weather on Earth [Eddy, 1975a,b]. He reported
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TABLE 2.1: A few of the many TSI measurements. From Table 3.1 of Hoyt and Schat-
ten [1997] or its updated version in Table 1.4 of Matthes [2003]. The tabulation below
includes the most recent update of TSI from PREMOS aboard PICARD and corrected
ACRIM III aboard ACRIMSAT.
Author(s) Observation/Publication Date TSI [W/m2]
Pouillet 1838 1230
Forbes 1842 1988
Herschel 1847 1458
Crova 1875 1324
Violle 1879 1772
Langley 1884 2903
Abbot 1904 1465
Abbot 1923–1954 1358
Linke 1932 1354
Mulders 1934–1935 1361
Unsold 1938 1326
Moon 1940 1322
Aldrich & Abbot 1948 1325
Schuepp 1949 1367–1416
Allen 1950 1374
Nicolet 1951 1382
Aldrich & Hoover 1952 1349
Johnson 1954 1395
Sitnik 1967 1448
Drummond 1968 1360
Duncan & Webb 1968 1349
Kruger 1968 1358
McNutt & Riley 1968 1343–1362
Stair & Ellis 1968 1360–1370
VonderHaar 1968 1390
Arvenson et al. 1968 1355–1365
JPL-Mariner 6 & 7 1969 1355
Murcray et al. 1969 1338
Thekaekara et al. 1969 1352
Kondratyev & Nikolsky 1970 1353
Labs & Neckel 1970 1358
Willson 1971 1370
Nimbus-7 1978–1993 1372
SMM/ACRIM 1980–1988 1368
ERBS/ERBE 1984–1993 1365
EURECA/SOVA 1992-1993 1366
ATLAS 1 & 2/SOLCON 1992-1993 1366
UARS/ACRIM II 1991–2001 1365
SOHO/VIRGO 1996–2005 1366
ACRIMSAT/ACRIM III 2000–present 1367a
SORCE/TIM 2003–present 1361
PICARD/PREMOS 2010–present 1361
aIn the latest version of corrected ACRIM III v-1105, the TSI value is 1361 W/m2, which
is in agreement with TIM (v11-1108) aboard SORCE and PREMOS (v0-1108) aboard
PICARD [G. Kopp 2011, private communication].
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that from 1645 to 1715 sunspots were very rare and this period is called the Maun-
der minimum. During this period, carbon-14 or 14C abundance was abnormally high,
auroras were absent, and temperatures on Earth were exceptionally low. Because
there were no data to support that the Earth’s weather changes with the sunspot cycle,
Eddy’s conclusions were met with objections. One of the critical point was that during
the Maunder minimum regular observations of sunspots were not possible yet. During
this period the telescope was just invented by Galileo.
The second evidence was provided by Peter Foukal and Jorge Vernazza [Foukal and
Vernazza, 1979]. Looking for long-term variations in the solar constant, they took the
Abbott TSI data between 1923 and 1952 and performed a detailed statistical analy-
sis of 11,000 daily measurements [Leverington, 2000]. They concluded that while the
sunspots decrease the solar constant, the faculae increase it. The net variability pro-
duced is about 0.1% in the solar constant. Their conclusions were met with doubts
as such small effects were difficult to be isolated from other factors due to the Earth’s
atmosphere transmission characteristics. This is until the radiometer from John Hickey
and Roger Frieden, also called the HF radiometer as part of the ERB (Earth Radiation
Budget) experiment, aboard Nimbus 7 (1978–1993) showed the first convincing short
term measurements of a changing solar constant with solar activity [Hickey et al., 1988].
The regular measurements of the ‘solar constant’ from space began with the launch
of the Hickey-Frieden (HF) radiometer [Hickey et al., 1980, 1988] aboard Nimbus 7 in
1978 and were continued by measurements from the Active Cavity Radiometer Monitor
or ACRIM [Willson, 1982] aboard Solar Maximum Mission (SMM). ACRIM was devel-
oped by Richard Willson. During the first years of TSI monitoring (between November
1978 and May 1979), Hickey and collaborators noticed an increase in the sun’s radiative
output as the sunspot cycle reached maximum. The averaged solar constant was 1376
W m−2, 0.66% higher than the average value on calibration rocket made three years
earlier (June 1976) [Hickey et al., 1980]. During the following months, the HF radiome-
ter would record a 0.36% dip in TSI, which Hickey associated to the increasing solar
activity. Between 4th and 9th of April 1980 and between 24th and 28th of May 1980, a
reduction of 0.15% and 0.08% was observed, respectively [Hudson and Willson, 1981,
and references therein]. Both reductions were due to large sunspots passing the solar
disk.
Regular TSI measurements from space The regular monitoring of TSI that started
in 1978 (see top panel of Figure 2.1) used radiometers that are based on the measure-
ment of the heat flow produced by the absorbed solar radiation, which is in turn substi-
tuted by electrical power to calibrate the heat flow meter. The radiation is collected in
cavities, which enhance the absorption over the one of a black coating on flat surface
by a large amount [see, for example, Fro¨hlich, 2004b]. The results of various space
measurements for monitoring TSI opened an exciting new era in both atmospheric and
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FIGURE 2.1: Top panel shows daily averaged values of the sun’s total irradiance TSI
from radiometers on different space platforms since November 1978: HF on Nimbus-7,
ACRIM I on SMM, ERBE on ERBS, ACRIM II on UARS, VIRGO on SOHO, ACRIM III
on ACRIM-Sat, and TIM on SORCE. Bottom three panels show the three TSI compos-
ites that are presently available, PMOD, ACRIM, and SARR (or IRMB), respectively.
See text for more details. Adapted from the link.a
aftp://ftp.pmodwrc.ch/pub/data/irradiance/composite/DataPlots/org_comp2_d41_62_1102_
vg.pdf
28
solar physics as changes in solar output had been verified and their implications on
Earth’s climate were investigated. The observation and interpretation of TSI variability
have also led to new ways of understanding of the structure and dynamics of the sun.
Top panel of Figure 2.1 summarizes the absolute TSI values monitored from radiome-
ters on different space platforms since November 1978. Below, we briefly describe
most of the radiometers used in the regular monitoring of TSI from space.
The HF radiometer of the ERBE (Earth Radiation Budget Experiment) on-board the
Nimbus-7 satellite is the first and longest high-precision TSI monitoring program be-
tween November 1978 and January 1993. It utilizes a cavity sensor that is capable of
electrical self-calibration. ACRIM I (Active Cavity Radiometer Irradiance Monitoring I)
on SMM (Solar Maximum Mission) satellite measured TSI between February 1980 and
November 1989. HF and ACRIM-I detected a short term TSI variability of as much as
0.2% over less than a 27-day rotational period and about 0.1% over the long term.
ACRIM I was followed by ACRIM II on board UARS (Upper Atmosphere Research
Satellite). ACRIM II monitored TSI regularly between September 1991 and Decem-
ber 2005. For HF, ACRIM I, and ACRIM II [Willson and Mordvinov, 2003] on-board
ACRIMSat continued from January 2000.
Other experiments followed, namely, the SOVA (SOlar VAriability) on board the EU-
RECA (EUropean REtrievable CArrier) between July 1992 and June 1993 [Cromme-
lynck et al., 1991], VIRGO (Variability of IRradiance Gravity Oscillations) on board
SOHO (SOlar Heliospheric Observatory) between January 1996 up to present [Fro¨hlich
et al., 1995]. The above two experiments carried two radiometers. The SOVA experi-
ment carried the DIARAD (Differential Dual Absolute Radiometer) of the SOVA1 and the
PMO-6 type of absolute radiometer of the SOVA2 experiment. The VIRGO experiment
carried the DIARAD and PMO6-V radiometers.
The most recent TSI space instrument is PREMOS (PREcision MOnitor Sensor) flying
on board PICARD1 [Schmutz et al., 2009]. It started operations in September 2010.
Together with a NIST-calibrated cryogenic radiometer in the new TSI Radiometer Facil-
ity at LASP (Laboratory for Atmospheric and Space Physics) [Kopp and Lean, 2010],
TSI from PREMOS [W. Schmutz 2011, private communication] has validated the TSI
from TIM (Total Irradiance Monitor) on SORCE (Solar Radiation and Climate Experi-
ment) [Kopp et al., 2005]. The validated TSI value is 1361 W m−2, which is 4–5 W
m−2 lower than the other satellite data. Both TSI values from PREMOS and TIM agree
with the corrected ACRIM3 data [G. Kopp 2011, private communication].2 For a short
description of the PREMOS/PICARD instrument, see Section 2.4.3.
1Named after the French astronomer of the 17th century, Jean Picard (1620-1682), who achieved
the first accurate measurements of the solar diameter. He had also observed sunspots, and determined
rotational velocity of the sun
2The agreement is based on the TSI data version: ACRIM III v-1105, TIM v11-1108, and PREMOS
v0-1108 [G. Kopp 2011, private communication].
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TSI composites The TSI time series from different instruments and platforms can
be used for the construction of a TSI composite. From almost the same original data
but using different corrections for sensitivity changes, three TSI composites were con-
structed. Shown in bottom panels of Figure 2.1, these TSI composites are PMOD,
ACRIM, and SARR. They differ, for example, on how the ACRIM data gap, the period
1989–1991, between ACRIM I and ACRIM II, is handled.
The first of these TSI composites is PMOD (Physikalisch-Metorologisches Observa-
torium Davos), which was constructed by Claus Fro¨hlich and Judith Lean as early as
1997 [Fro¨hlich and Lean, 1998b]. The PMOD composite relies primarily on TSI mea-
surements by ACRIM I on SMM, ACRIM II on UARS, and VIRGO on SOHO. Having
no time overlap, ACRIM I and II are adjusted to a common scaling by using HF ob-
servations, whose early measurements (referred as corrected HF data) are modified
to conform to a TSI proxy model prediction [Fro¨hlich and Lean, 1998a]. The compos-
ite has merged the following TSI records: HF/NIMBUS 7 (1978–1984, 1988–1991),
ACRIM I (1980–1981, 1984–1989), ACRIM II (1991–1996, 1997–1998), and VIRGO
(1996–present).
Without applying any corrections, assumption, or models, the ACRIM (Active Cavity Ra-
diometer Irradiance Monitor) TSI composite was compiled by Richard Willson [Willson
and Mordvinov, 2003]. The ACRIM composite consists of data from HF (1978–1980,
1983–1984, 1988–1992), ACRIM I (1980–1983, 1984–1988), ACRIM II (1992–2000),
ACRIM III (2000–present). Altogether about 15% of this composite comes from HF,
more than 70% from ACRIM and the rest from VIRGO. The basis of scale is that of
ACRIM III, considered to be the best characterized and calibrated ACRIM experiment.
The ACRIM gap is handled by comparing with HF as well. Due to the use of ‘uncor-
rected’ HF data, this composite has a distinctive minima-to-minima trend in contrast to
the PMOD composite. Depending on how the ACRIM gap is treated this trend from
1986 to 1996 can be present [Scafetta and Willson, 2009a] or absent [Krivova et al.,
2011].
The SARR3 (Space Absolute Radiometer Reference) composite introduced by Crom-
melynck et al. [1995] and revised by Mekaoui and Dewitte [2008] is constructed by
first placing all data sets to SARR and then the so-called SARR adjustment factors are
determined. In short, it adopts the average TSI of eight independent long term mea-
surements from 1992 onwards, namely: Nimbus 7, ACRIM I, ERBS, ACRIM II, SOVA 1
and 2, DIARAD/VIRGO and PMO/VIRGO. Each measurement from an instrument has
an adjustment factor determined by comparing it to the SARR adjusted time series of
a reference instrument. More details can be found in Dewitte et al. [2001] and Dewitte
et al. [2004].
3This composite is sometimes referred to as IRMD or RMIB after Institut Royal Meteorologique Bel-
gique, or Royal Meteoroligical Institute of Belgium, in French or English, respectively.
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The SOLCON instrument is used as a primary reference, where it is used to adjust
DIARAD, ACRIM 2, SOVA 1 and 2. This provides a good continuity between the TSI
values from ACRIM before mid 1995 and from DIARAD after 1996. DIARAD is used as
a second reference to derive adjustment factors for PMO06, ACRIM III and TIM. Before
1992, ERBS and ACRIM I are used as third and fourth references to derive adjustment
factors of ACRIM 1 and HF, respectively. In contrast to PMOD but like ACRIM, the SARR
TSI composite has a distinctive minima-to-minima trend. This is from the perspective
of 1986 and 1996, ignoring solar minimum in 2008. Otherwise, all composites have
trends.
2.3 Spectral irradiance measurements
For the aeronomy of the middle atmosphere, solar spectral irradiance up to 400 nm are
important, for example, to establish the radiative budget of the atmosphere. The con-
tribution of various spectral regions to the TSI and its variation is not well established
and SSI measurements covering the entire spectral range from the UV to IR is rele-
vant for solar and stellar physics. Before instruments were placed on board satellites,
spectral irradiance were mainly obtained from ground, balloons, airplanes, and rockets.
The latter measurements have to be corrected for atmospheric absorption. Up to 10%
discrepancies were found in the UV, where ozone absorptions are the most important
[Thuillier et al., 1998].
The measurement of solar spectral irradiance uses a spectrometer [see, for example,
Shirley and Fairbridge, 2006, p. 337]. The spectrometer separates electromagnetic
radiation into wavelength components. To obtain a plot of intensity in UV-vis-IR spectral
range as a function of wavelength, it employs usually a prism or a (diffraction) grating
as the basic optical element, or a combination of both. Varying with wavelength, the
index of refraction of the prism material causes the exit direction from the prism to be
different for each wavelength. A diffraction grating, on the other hand, operates like
the prism but has usually a mirror-like surface with evenly spaced parallel grooves, in
which each groove is a site where radiation is diffracted, and the interference among
diffraction patterns cause different wavelengths to exit the grating in different directions.
2.3.1 Reference spectra
Early measurements of solar spectral irradiance were first made from the ground [Thuil-
lier et al., 2004, and references therein]. These ground-based measurements use
Bouguer-Langley method [see, for example, Thomas and Stamnes, 1999, p. 337],
which consists in observing different sun elevations, preferably from a high altitude lo-
cation, assuming no time variations of the atmospheric absorber. A line is produced
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from a plot of solar irradiance versus the secant of the solar zenith angle on a semilog-
arithmic scale. This is on the assumption that the atmosphere is horizontally homoge-
nous and the solar elevation is too small. To obtain solar spectral irradiance at zero air
mass or AM0, this straight line is extrapolated to the point where the secant of the solar
zenith angle becomes zero.
Because of significant ozone absorptions, Rayleigh scattering in the Earth’s atmo-
sphere, no solar photons are observed below 295 nm. The visible and infrared spectral
ranges can be measured but with difficulties. From the ground, SSI measurements have
a lower limit of 330 nm. Highly variable tropospheric constituents make the ground-
based measurements difficult; this is especially encountered in the IR region due to
water vapor. By measuring irradiance from high-altitude balloon and aircraft, significant
absorptions mostly from water vapor and tropospheric constituents can be reduced.
The interference due to the Earth’s atmosphere disappear when measurements are
performed in space but the harsh space environment can degrade instrument perfor-
mance.
Despite these difficulties, measurements from ground (and especially from high altitude
observatories) present several advantages:
1) careful measurement can be performed with frequent checks of the instrument
2) the instrument calibration can be made many times as necessary, and
3) few weight, volume, and power limitations exist that are often necessary con-
straints on space-borne or satellite instruments.
From ground To reduce the effects of the atmosphere, most measurements from
ground are made at high altitudes. Labs and Neckel [1962] measured from Jungfrau-
joch (3600 m) near Grindelwald, Switzerland; Burlov-Vasiljev et al. [1995] from Cau-
casus, Ukraine (Tersol Peak, 3100 m); Peyturaux [1968] from Mount Louis (1600 m)
of the Pyrenees mountains, France; and Kurucz [1995] from Kitt Peak (2100 m) of the
Quinian mountains in Arizona, USA.
Labs and Neckel [1962] deduced the solar spectral irradiance in the spectral region 330
to 1247 nm at the center of the solar disk and corrected for center-to-limb variations
and atmospheric transmission. A revision was made by Neckel and Labs [1984] to
incorporate new center-to-limb variation and high resolution Fourier transform spectral
observations from the National Solar Observatory at Kitt Peak. The revised spectra
have an improved accuracy. The spectrum from Burlov-Vasiljev et al. [1995] covers
wavelength range from 332.5 to 667.5 nm, which was extended later to 1100 nm and
the spectrum from Peyturaux [1968] from 447 to 863 nm, which was later extended
between 3.5 to 35 µm by Koutchmy and Peyturaux [1970]. The so-called new Kurucz
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spectrum is a high resolution spectrum (∼ 0.0005 nm) from 300 to 1000 nm. It is based
on McMath-Pierce Fourier Transform Spectrometer (FTS) scans from Kitt Peak National
Solar Observatory that made up the Kitt Peak Solar Flux Atlas by Kurucz [1995]. The
Kurucz spectrum was recently improved in Chance and Kurucz [2010] with absolute
radiometric accuracy better than 5% at wavelengths longer than 305 nm. The improved
Kurucz spectrum has an improved knowledge on spectral sampling, permitting it to be
resampled on any desired grid.
Table 2.2 summarizes the solar spectra with IR measured from ground.
TABLE 2.2: Solar spectra with vis-IR data. In this table, Labs and Neckel [1968] and
Kurucz [1995] have been extended up to 100 and 200 µm, respectively. Adapted from
Table I of Thuillier et al. [2003]
Author(s) Range [nm] Resolution [nm] Increment [nm]
Labs and Neckel [1968] 205–100 000 10 to 100 10 to 100
Arvesen et al. [1969] 300–2495 0.1 to 0.3 0.1 to 5
Thekaekara [1974] 120–5000 10 to 100 5 to 100
Neckel and Labs [1984] 329–1247.5 2 1 to 5
Burlov-Vasiljev et al. [1995] 332–1062 1 2 to 5
Colina et al. [1996] 120–2500 1 to 2 1 to 2
Kurucz [1995] 200–200 000 ∆λ/λ = 500 000 0.01 @300
0.1 @1000
0.3 @2000
From airplane To minimize atmospheric absorptions, especially from water vapor,
SSI measurements were made from airplanes at an altitudes of about 8–15 km.
The NASA Convair CV-990 was used for solar observations. Aboard this airplane,
Lockwood et al. [1992] obtained solar spectral irradiance using measurements cali-
brated against the star Vega. The latter stellar irradiance is used as a standard in the
wavelength range 329.5–850.0 nm. However, no corrections were made, for example,
due to telluric absorptions in certain wavelength ranges. Using several instruments,
Arvesen et al. [1969], Thekaekara and Drummond [1971], and Thekaekara [1974] car-
ried out solar spectral measurements from 300 to 2500 nm at an altitude of about 12
km.
From balloons Requiring a more compact equipment than ground-based or aircraft
measurements, balloon observations are subject to excessive temperatures. They re-
quire greater use of automation. Unlike ground-based or aircraft measurements, there
is no observer to perform experimental operations. With balloon observations, there
is a reduced need for air-mass corrections. However, during launch and instrument
retrieval, local weather has to be taken into account. Because the instrument can be
retrieved, post-flight calibration is possible.
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Murcray et al. [1964] flew a single monochromator at an altitude of 31 km collecting
data in the wavelength range from 4 to 5 µm. Hall and Anderson [1991] measured UV
solar spectral irradiance from 200 to 310 nm with 0.01 nm resolution and a wavelength
sampling of 0.004 nm.
The Hall and Anderson reference spectrum [Hall and Anderson, 1984; Anderson and
Hall, 1989; Hall and Anderson, 1991] is composed from balloon measurements near
40 km in April of years 1977–78, 1980–81, and 1983.
From rockets Another way to measure the solar spectral irradiance is by rockets.
Unlike ground-based, aircraft or balloons, rockets face other types of difficulties. Re-
sources such as volume, mass, power are limited. Like balloons, they are subject to
excess temperatures. Similar to aircraft, they are subject to mechanical vibration, how-
ever, only during launch. Rocket experiments measuring the solar spectrum has been
made since the 1940s [Brasseur and Solomon, 2005]. The dawn of space era began
when Baum and collaborators at the Naval Research Laboratory [Baum et al., 1946]
measured the first spectrum in the UV using a V-2 rocket on October 1946 at an alti-
tude of 88 km. The altitude of 100 km was later reached by rockets in the 1950s, e.g.
by Johnson et al. [1952]. Rocket experiments that measured the solar spectrum in the
late 1960s and 1970s have been briefly reviewed, for example, in Brasseur and Simon
[1981].
2.4 Timeseries of spectral irradiance measurements
Nowadays, the solar spectrum is routinely observed not only by spectrometers on board
balloons, aircrafts, or rockets, but also on board spacecrafts, allowing solar variability to
be quantified outside the interference of the Earth’s atmosphere. These space-borne
observations provided modern information in the ultraviolet and visible and near infrared
regions.
In the UV region, in the wavelength range from 120 to 400 nm, regular and continuous
measurements from space began since the early 1980s. These measurements started
when NASA (National Aeronautics and Space Administration) launched instruments to
measure atmospheric ozone on global scale. The instruments BUV (Backscattered
Ultraviolet) and TOMS (Total Ozone Mapping Spectrometer) flew on Nimbus-7 satellite.
The effort initiated by NASA continued up to the present with the launch of other TOMS
and SBUV/2s aboard NOAA satellite instruments. These instruments not only observe
the Earth but also measure the spectral irradiance of the sun. These UV measurements
were made in order to understand the ozone photochemistry in the middle atmosphere.
About a decade later (in the 1990s), these UV measurements were continued by the two
spectrometers on board UARS, namely: Solar Ultraviolet Spectral Irradiance Monitor
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(SUSIM) [Brueckner et al., 1993, 1995] and the Solar/Stellar Irradiance Comparison
Experiment (SOLSTICE) [Rottman et al., 1993; Rottman and Woods, 1994].
In the visible and NIR regions, measurements were available in the 1990s. Limited to
only a few days of measurements, the SOLSPEC (Solar Spectrum Experiment) spec-
tra [Thuillier et al., 2003] during the ATLAS (Atmospheric and Terrestrial Laboratory for
Application and Science) and EURECA (EUropean REtrievable CArrier) missions pro-
vided modern information in long wavelength regions above 300 nm. Also, available
by this time, though at limited spectral bands, were measurements from SPM (sun-
photometers) and VIRGO (Variability of IRradiance Gravity Oscillations) instrument,
which are both aboard SoHO (Solar and Heliospheric Observatory). At a wider spectral
range but limited up to NIR, also available this time were measurements from GOME
(Global Ozone Monitoring Experiment) aboard ERS-2 (European Research Satellite
2). Continuous measurements that extend to the SWIR have to wait till late 2000s with
SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric CHartogra-
phY) aboard ENVISAT (Environmental Satellite), and SIM (Spectral Irradiance Monitor)
aboard SORCE (SOlar Radiation and Climate Experiment). Some of these solar spec-
tra allow the construction of composite solar spectra as described later in the text. See
Section 2.5.
Table 2.3 summarizes the regular monitoring of solar spectral irradiance from space
during the satellite era (1978–present). Most of the instruments indicated here are
briefly described below.
TABLE 2.3: Timeseries of spectral irradiance measurements from space.
Instrument Years of operation Wavelength range Selected reference/s
SBUV/Nimbus-7 1978–1990 160–400 nm Schlesinger and Cebula [1992]
SME 1981–1989 115–303 nm Rottman [1983]
SOLSTICE-1/UARS 1991–2005 120–420 nm Rottman et al. [1993]
SUSIM/UARS 1991–2005 115–410 nm Brueckner et al. [1993, 1995]
SPM/VIRGO SOHO 1995–present 402, 500, 862 nm Wehrli and Fro¨hlich [1991]
GOME/ERS-2 1995–present 240–790 nm Burrows et al. [1999]
SCIAMACHY/ENVISAT 2002–present 240 to 1700 nm Bovensmann et al. [1999]
SOLSTICE-2/SORCE 2003–present 115 to 320 nm McClintock et al. [2005]
SIM/SORCE 2003–present 300 to 240 nm Harder et al. [2005a,b]
LYRA/PROBA-2 2009–present 1–20, 30.4 nm,
121.5, 200–220 nm Stockman [2006]
2.4.1 The UV region
SBUV aboard Nimbus-7 Carried by NASA’s Nimbus-7 satellite, SBUV (Solar Backscat-
ter Ultraviolet Radiometer) was launched in October 1978. With the primary goal to
measure total ozone in the Earth’s atmosphere, SBUV is a double-pass, grating spec-
trometer. SBUV provided daily SSI measurements from 1978 to 1990 in the wave-
length region from 160 to 400 nm at 1.1 nm spectral resolution. The instrument does
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not have a mechanism to monitor long-term changes in instrument responsivity. How-
ever, Schlesinger and Cebula [1992] developed an empirical model to account for in-
strumental degradation. Second generation of the SBUV, SBUV/2 were then flown on
NOAA (National Oceanic and Atmospheric Administration) operational weather satel-
lites. These are NOAA 9, 11, 13, 15, 16, 17, 18, and 19, which were launched in De-
cember 1984, September 1988, August 1993, May 1998, December 2000, June 2002,
May 2005, and February 2009, respectively [see, for example, Maini and Agrawal,
2011].
SME The solar spectrometer onboard the Solar Mesosphere Explorer (SME) was
launched in October 1981, and was operational until April 1989. The goal of SME
was to study atmospheric (mesosphere) ozone and the process that form and destroy
ozone. The spacecraft carried five instruments to measure ozone, water vapor and
incoming solar radiation. SME measured ultraviolet radiation in the spectral range of
115.5 to 302.5 nm [Rottman, 1983].
SOLSTICE aboard UARS SOLSTICE (SOlar Stellar Irradiance Comparison Experi-
ment) aboard UARS (Upper Atmosphere Research Satellite) is a three channel grating
spectrometer that has a spectral range of 120–420 nm and spectral resolution varying
between 0.1 and 0.2 nm [Rottman et al., 1993; Rottman and Woods, 1994]. UARS was
launched in September 1991, and was operational until December 2005. The three
overlapping channels have the spectral coverage from 119 to 190 nm, 170 to 320 nm,
and 280 to 420 nm; with spectral band passes of 0.1 nm, 0.25 nm, and 0.35 nm, respec-
tively. As the name implies SOLSTICE uses bright UV stars as radiometric calibration
source. For both the solar and stellar observations, it uses the same optical elements
but its entrance apertures and bandpasses can be interchanged and integration times
can be adjusted to accommodate the 108 : 1 dynamic range between the solar and
stellar irradiances.
SUSIM aboard UARS SUSIM (Solar Ultraviolet Spectral Irradiance Monitor) also aboard
UARS is a dual dispersion spectrometer, which consists of two independent double-
monochromators [Brueckner et al., 1993, 1995]. SUSIM measures the solar ultraviolet
spectrum in the 115 to 410 nm range through a choice of one of four primary gratings for
each of the two spectrometers, making a total of eight possible grating pairs available
for measurements and degradation monitoring purposes. Passing the primary and sec-
ondary gratings light enters (exits) a set of filters (slits) then a set of slits (filters). Pairs
of slits having 0.15, 1.1, or 5 nm spectral bandpasses (high-, mid-, or low-resolution,
respectively) correspond to weekly, daily, or daily-primary light measurements, respec-
tively.
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SOLSTICE aboard SORCE A follow-on to the SOLSTICE I instrument aboard UARS
[Rottman et al., 1993] is the SOLSTICE-II aboard SORCE (Solar Radiation and Climate
Experiment). The objective of SOLSTICE-II is to measure solar irradiance and its vari-
ability from 115 to 320 nm with a spectral resolution of 1 nm [McClintock et al., 2005].
SORCE uses a pair of identical scanning grating monochromator, the SOLSTICE A
and SOLSTICE B. Both measure solar and stellar (main sequence B and A stars) ir-
radiance in the same wavelength range using a single optical detector chain. They
provide redundancy against hardware failure and simultaneous measurements for data
validation.
LYRA aboard PROBA-2 Part of the ESA’s (European Space Agency) in-orbit technol-
ogy demonstration program are the PROBA (Project for On-Board Autonomy) satellites.
PROBA-2, which was launched on November 2009, has four instruments, two for solar
observations and the other two for space weather measurements. One of the solar
instruments is a small EUV imager and the other is LYRA (LYman Alpha RAdiometer).
The latter instrument measures solar irradiance using solar-blind diamond detectors
[Stockman, 2006]. The four channels are i) Lyman alpha, ii) 200–220 nm Herzberg
continuum range, iii) Aluminum channel including He II at 30.4 nm, and iv) the hotter
Zirconium channel at 1 to 20 nm.
2.4.2 The visible-near-infrared region
SPM aboard VIRGO SOHO The first instrument to measure long wavelength regions
above 400 nm on regular basis is the SPM (sunphotometers) [Fro¨hlich et al., 1995]
aboard SOHO (Solar and Heliospheric Observatory). VIRGO (Variability of IRradiance
Gravity Oscillations) instrument on-board SOHO (Solar and Heliospheric Observatory)
carries four instruments: two different active-cavity radiometers to measure the TSI and
two three-channel sunphotometers (SPM) to measure the solar spectral irradiance. The
SPM are filter radiometers that measure in three wavelength bands: 402 (blue), 500
(green) and 862 nm (red) with bandwidths (full width at half maximum, FWHM) of 5.4,
5.0 and 5.7 nm, respectively [Wehrli and Fro¨hlich, 1991; Fro¨hlich et al., 1995]. To re-
duce condensation of gaseous contaminants, the filters and detectors are heated until
the temperature is a few degrees higher than the heat sink. As it is not self-calibrating,
the SPM is not intrinsically an absolute radiometer. However, two FEL irradiance stan-
dard lamps (with 2–3% accuracy) from NIST (National Institute of Standards and Tech-
nology) are installed on-board.
GOME aboard ERS-2 The first polar orbiting ERS-1 (European Research Satellite)
carried microwave and radar sensors. The second one carried the GOME (Global
Ozone Monitoring Experiment) instrument [Weber et al., 1998; Weber, 1999; Burrows
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et al., 1999]. It belongs to a new generation of hyperspectral atmospheric sensors
developed from the early 1990’s. Launched in April 1995, its main objective is to ob-
serve upwelling solar radiation reflected or scattered in the Earth’s atmosphere and
from its surface. In particular, total column amounts of several minor trace gases and
ozone. This has been continued by the GOME-2 on-board MetOp-A (Meteorological
Operational satellite A), the operational EUMETSAT (European Organisation for the
Exploitation of Meteorological Satellites) polar orbiting system. MetOp-A was launched
in 2006 and will be followed by successor instruments on Metop-B (launch in 2012),
and Metop-C (launchd in ∼2015).
GOME is a nadir-viewing double monochromator that records the spectrum of backscat-
tered up-welling electromagnetic radiation and solar irradiance measurement between
240 and 790 nm wavelength range at moderate spectral resolution of 0.2 nm in the UV
and 0.4 nm in the vis-NIR. Its double spectrometer consist of two stages: pre-dispersing
prism and grating. The prism splits the spectral range into four channels, each channel
has a grating. Though not designed to actively track the sun, GOME views once per
day the full solar disc for about 50 s. For vis-IR channels, integration times are 0.75 s.
In UV channel, integration time is 1.5 s. From the series of measurements during the
solar viewing period, a mean solar spectrum is obtained daily. Once a month a series
of calibration lamp measurements are made to monitor long-term degradation of the
optical elements.
2.4.3 From the UV to the SWIR
The interest of observing ozone in the middle atmosphere in the global scale led to
interest of observing other atmospheric constituents such as water vapor and carbon
dioxide. The latter requires spectral range that extends to the SWIR. This was first real-
ized through the instrument SCIAMACHY (Scanning Imaging Absorption Spectrometer
for Atmospheric CHartographY) aboard ENVISAT (Environmental Satellite). This spec-
tral range is also covered by SIM (Spectral Irradiance Monitor) aboard SORCE (SOlar
Radiation and Climate Experiment). While the primary aim of SCIAMACHY is the re-
trieval of trace gases in the Earth’s atmosphere on a global scale, SIM is dedicated to
the measurement of the solar spectra and its variations.
The brief description below is adapted from Published Manuscript I, mostly from Ap-
pendix A.
SCIAMACHY aboard ENVISAT As an advanced version of GOME [Burrows et al.,
1999; Weber et al., 1998] aboard ERS-2, SCIAMACHY is a passive remote sensing
imaging double spectrometer. It observes the sun on a daily basis from 240 to 1700
nm at a moderately high spectral resolution of 0.2 to 1.5 nm [Burrows et al., 1995;
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Bovensmann et al., 1999; Skupin et al., 2005a,b; Gottwald et al., 2006]. Its primary aim
is the retrieval of trace gases in the Earth’s atmosphere on a global scale. The spec-
trometer is a combination of a predispersing prism and gratings. The prism separates
the light into eight different channels. Reflected parts of the spectrum at shorter and
longer wavelengths are directed to Channels 1–2 and 7–8, respectively. Unreflected
parts of the spectrum are directed to Channels 3–6, where separate dichroic mirrors
are employed to select wavelength ranges for each channel. An additional dichroic
mirror is used to separate light further into SWIR spectral components in Channels 7
and 8. Each channel has its own grating, transmission optics, and diode array detector.
The role of the grating is to disperse the light into a high resolution part of the spectrum
before the light is directed onto a linear 1024 pixel detector array.
SIM aboard SORCE SIM is a prism spectrometer. Its primary aim is to measure
spectral irradiance from 300 to 2400 nm at a spectral resolution of 0.25 to 33 nm, i.e.,
at a sufficient precision and accuracy, thereby producing a reliable record of short and
multi-year solar variations [Rottman et al., 2005; Harder et al., 2009]. It is the first solar-
dedicated instrument that has the capacity of precise long term measurement. SIM is
a dual Fe`ry prism (single-element) spectrometer that employs only one optical element
to focus and disperse the light into parts of spectrum. It consists of two mirror image
spectrometers; one for daily measurements while the other is used on a monthly basis
to perform degradation corrections; SIM B has about 22% of the exposure rate of SIM A.
Comprehensive account of the SIM design and operation can be found in Harder et al.
[2005a,b, 2010]. Light from the entrance slit is directed to the prism, which rotates on a
flex pivot with a flex suspended voice coil motor. The light is separated and directed to
the exit slit, where an electrical substitution radiometer (ESR) and four photodiodes (UV,
vis1, vis2, and NIR) that simultaneously measure spectral irradiance at four neighboring
wavelength ranges. In total, five independent detectors with overlapping wavelength
coverage are used.
PREMOS aboard PICARD Launched in June 2010, PREMOS (PREcision MOnitor
Sensor) aboard PICARD (named after the French astronomer of the 17th century, Jean
Picard) is a filter radiometer that observes the solar irradiance in the UV (210, 215,
and 266 nm), vis (535 nm), and NIR (607 and 782 nm) spectral channels [Schmutz
et al., 2009]. The equivalent bandwidths of these channels are 25, 7, and 20 nm in
the UV; 0.6 nm in the vis; and 0.9 and 1.7 nm in the NIR. These channels correspond
to Herzberg and Hartley O3 bands in the UV, and the identical filters as on SODISM
(SOlar Diameter Imager and Surface Mapper), which is also aboard PICARD in the vis-
NIR [W. Schmutz 2011, private communication]. To monitor instrument degradation,
PREMOS is made of three identical radiometers with four heads. It has an absolute
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differential radiometer (PMO6)4 to measure TSI as SOVAP (SOlar VAriability PICARD).
See, for example, http://smsc.cnes.fr/PICARD/premos.htm. In terms of spectral
coverage, PREMOS complements LYRA (LYman Alpha RAdiometer) aboard PROBA2
(Project for On-Board Autonomy 2), cf. Section 2.4.1. Both instruments belong to a
new generation of precision filter radiometers. Their fast cadence ranging from 10 to 50
Hz allows space-weather monitoring, nowcasting and forecasting of total and spectral
irradiances.
2.5 Composite spectra
No single instrument is able to measure the full spectral range from the X-ray to IR
spectral range. This is because optical elements and detectors have a limited spec-
tral response. Consequently, a composite spectrum must be constructed using sev-
eral different spectral obtained from instruments using different techniques. Composite
spectra are constructed from compilation of several independent spectra, or from solar
irradiance modeling (proxy-based or from solar atmosphere model). In general, when
two or more of these spectra are merged together, a certain smoothing and/or adjust-
ment is made at the junction, and a normalization, which is usually to a given value of
TSI, is applied. For these reasons, solar composite spectra that are based on the same
measurements or models may appear significantly different when detailed comparisons
are made.
Selected composite spectra described below are summarized by Thuillier et al. [2004]
and Gueymard [2006].
2.5.1 Composite reference spectra
Smith and Gottlieb composite Smith and Gottlieb [1974] proposed a spectrum from
0.2 nm to 2 cm. The spectrum was based on several data sets, above 330 nm from high-
altitude aircraft and ground measurements and below 330 nm from rocket. Above 330
nm is from Labs and Neckel [1968], 330 to 1000 nm from Arvesen et al. [1969] (aircraft)
and Pierce [1954] (Mount Wilson, at an altitude of 1740 m in the San Gabriel Mountains
near Pasadena, California); 1000 to 2400 nm, and above 2400 nm, from Farmer and
Todd [1964] (high-altitude measurements at 15-30 km); Koutchmy and Peyturaux [1970]
(at Pyre`ne`es Mountains, France at an altitude of 1600 nm); and Murcray et al. [1964]
(high-altitude measurements at 33 km); and finally above 13 µm, the data are known in
terms of solar atmosphere, which were converted into irradiance by use of the Planck
function.
4PMO6 radiometers use resistance thermometers to measure the heat flux through the thermal
impedance. See Schmutz et al. [2009] for more details.
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Wehrli composite Wehrli [1985] constructed a UV/vis-NIR composite from existing
datasets (aircraft, rocket, and balloon data), which were concatenated to cover most of
the spectrum (200 nm–10 µm). The four-band composite consists of rocket and bal-
loon data from Brasseur and Simon [1981] in the 200–310 nm range, scaled data from
Arvesen et al. [1969] in the 310–330 nm spectral range, and data from scaled Neckel
and Labs [1984] in the 330–869 nm range. Above 870 nm scaled data from Smith
and Gottlieb [1974] are taken. The resulting composite spectrum is constrained such
that its integrated irradiance is equal to the WMO-recommended (World Meteorologi-
cal Organization) solar constant value of 1367 W m−2. This constraint is applied on
the assumption that the irradiance contributions below 199 nm and above 10 µm are
negligible.
Colina et al. composite Colina et al. [1996] constructed a composite from 120 to
2500 nm using the UARS data in the UV up to 410 nm, the spectrum of Neckel and
Labs [1984] up to 870 nm, and up to 960 nm from Arvesen et al. [1969], and the solar
model from Kurucz [1993] above 960 nm.
ASTM composite A zero air-mass (AM0) SSI standard has been made by the Amer-
ican Society for Testing and Materials [ASTM, 2000]. It is a composite consisting of
the following spectra: 120–410 nm from scaled ATLAS-1/2 average spectrum, mean
UARS spectrum built using SOLSTICE and SUSIM data at the ATLAS 2 period (April
1993); 410–870 nm from Neckel and Labs [1984]; 870–960 nm from Arvesen et al.
[1969]; 0.825–4 µm from scaled Kurucz theoretical model, a synthetic spectrum com-
puted by Kurucz [1993]; > 4 µm from scaled spectrum from Smith and Gottlieb [1974];
and above 20 µm from the logarithmic irradiances given by Smith and Gottlieb [1974].
SOLSPEC ATLAS-3 composite The SOLSPEC/ATLAS-3 composite is based on ir-
radiance measurements performed on board the Space Shuttle [Thuillier et al., 2004;
Harder et al., 2010]. These measurements were made during the following missions:
Spacelab 1 (1982), ATLAS 1-2-3 flights (1992–1994), and the SOlar SPectrum (SOSP)
on EURECA mission (1992). The composite has a wavelength range from 200–2400 nm.
SSI in 200–400 nm is from SSBUV, SUSIM and SOLSPEC data (ATLAS 3 mission).
This range is complemented by SOLSTICE and SUSIM data from the UARS space mis-
sion. In the spectral range 400–800 nm data from SOLSPEC are used. Above 800 nm
data from the SOSP instrument during the EURECA mission are taken. The spectral
resolution is 0.25 nm (sampling rate of 0.05 nm) below 400 nm and about 0.5 nm above
400 nm, i.e. variable sampling of 0.2 to 0.6 nm. The space-based SOLSPEC spectrum
has a resolution of 1.0 nm and 20 nm in the 200–870 nm and 850–2500 nm regions,
respectively.
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Thuillier composite Thuillier et al. [2004] constructed a composite from 200 to 2400
nm that is based solely upon space data. The composite is made using only the SOL-
SPEC and the SOSP data from ATLAS-1 period (March 1992) and the beginning of
EURECA mission (August–September 1992). Above 2400 nm, the composite is ex-
tended using the Kurucz 1995 model. This composite is also referred to as the ATLAS-1
SOLSPEC composite.
2.5.2 Composite timeseries of spectral irradiance
Similar to TSI data (Section 2.2), SSI measurements from different platforms can be
merged to form a SSI composite. Because SSI timeseries has a wavelength depen-
dence and not all wavelength range are covered, measurement gaps in the spectral as
well as time domain have to be filled with synthetic spectra, usually from proxy-based
irradiance models (see Section 2.6.1 below).
DeLand & Cebula UV composite Regular space-borne irradiance monitoring from
several instruments started in 1978 (satellite era) and can be used to construct a com-
posite spectral data. DeLand and Cebula [2008] merged the following six data sets
(c.f. Figure 2.2 and Table 2.4) to form a UV composite. These data are from SME,
SBUV on Nimbus-7, SBUV-2 on NOAA-9 and NOAA-11, and SUSIM and SOLSTICE
on UARS. DeLand and Cebula [2008] merged these data into one timeseries. When no
direct measurements are available, synthetic spectra are used. The UV composite has
a wavelength range from 120–400 nm at a sampling rate of 1 nm covering the period
from November 1978 to August 2005.
TABLE 2.4: Summary for data sets used in DeLand & Cebula UV composite. From
Table I of DeLand and Cebula [2008]
Instrument Range Res. Time interval References
[nm] [nm]
Nimbus-7 SBUV 170–400 1.1 7 Nov 1978 to 28 Oct 1986 Schlesinger and Cebula [1992];
DeLand and Cebula [2001]
SME 115–302 0.8 1 Jan 1982 to 30 Jun 1988 Rottman [1988]
NOAA-9 SBUV/2 170–400 1.1 14 Mar 1985 to 5 May 1997 DeLand et al. [2004a]
NOAA-11 SBUV/2 170–400 1.1 2 Dec 1988 to 15 Oct 1994 Cebula et al. [1998];
DeLand and Cebula [1998]
UARS SUSIM [V22] 115–410 1.1 12 Oct 1991 to 31 Jul 2005 Floyd et al. [2002]
UARS SOLSTICE [V18] 119–419 0.2 3 Oct 1991 to 30 Sep 2001 Rottman et al. [2001]
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FIGURE 2.2: Instrument selections in the UV composite data set. Shown are instru-
ment selections for each spectral and temporal interval. Same as Figure 8 of DeLand
and Cebula [2008]. Adapted with permission c⃝ (2008) American Geophysical Union.
vis-IR composite A similar composite that includes also the vis-IR regions is chal-
lenging and so far it has not yet been constructed. Regular measurements in the long
wavelength regions started not before the early 2000s. The following data are available
for the construction of the composite in the optical spectral range: vis-NIR irradiance
data are available from GOME [Burrows et al., 1999; Weber et al., 1998] from 1995
until present, vis-NIR-SWIR data from SCIAMACHY [Bovensmann et al., 1999; Skupin
et al., 2005a,b] from 2002 until present. In the same spectral range but at a lower spec-
tral resolution, SIM data [Harder et al., 2005a,b] from 2003 until present are available.
The vis composite can potentially cover a decade and a half (1995–present), the IR
composite less than a decade (2002–present); both are still too short to detect any
statistically robust sun-Earth electromagnetic couplings.
2.6 Spectral irradiance parameter models
Recent advances in both ground and space observations have allowed us to view the
magnetically variable sun with unprecedented detail over a wide range of spatial and
temporal scales. Nowadays, we can observe the solar ‘surface’ features that reveal
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fine spatial structures upon which their classification has been properly assigned, their
heliospheric location, areas and center-to-limb contrast have been determined. The
proxies can be formulated based on solar surface structures, other measured quanti-
ties, or combinations of them depending on how they give statistical fits. Such progress
has large implications in the physical understanding of solar variability, allowing spectral
irradiance variability to be calculated and reconstructed backwards in time.
2.6.1 Proxies and proxy-based spectral irradiance models
Modeling solar irradiance variations at most take the bright (e.g. faculae) and dark (e.g.
sunspots) surface features into account as competing sources of irradiance variability.
In general, the former (latter) surface features cause local enhancement (depletion) in
solar spectral irradiance; this general statement turns out to be valid on certain spectral
regions but not over the entire UV-vis-IR range [Unruh et al., 2008; Pagaran et al., 2009].
To model variations covering long periods of time requires an archive of these solar sur-
face features preferably at high spatial resolution so that a systematic identification and
robust classification of the solar surface features can be achieved. Irradiance models
that properly account for the sources of variations are able to reproduce well observed
changes of spectral irradiance and to reconstruct past spectral irradiances especially
when no direct measurements are available. Due to the lack of SSI measurements cov-
ering the entire spectrum and covering several decades, many estimations and models
of SSI variations have to rely on so-called solar proxies or solar activity indices.
Solar activity indices Among the several solar proxies and indices, we briefly de-
scribe here three proxies: (1) the Mg II core-to-wing (ctw or core/wing) ratio [Heath and
Schlesinger, 1986], (2) photometric sunspot Index or PSI [Fro¨hlich and Lean, 2004a;
Balmaceda et al., 2009], and (3) the F10.7 cm radio flux. A description of the other
proxies not included here such as Wolf’s sunspot number and the Ca II index can be
found in Fro¨hlich and Lean [2004a], Fox [2004], Kane [2005], Usoskin and Kovaltsov
[2004], and Gray et al. [2010]. The photometric sunspot index (PSI) measures the loss
in UV/visible irradiances due to sunspot darkening [Lean et al., 1997; Balmaceda et al.,
2009]. While the Mg II index can only be derived from satellite observations (going
back to the early 1980s), the F10.7 cm radio flux, which strongly correlates with Mg II
index, can be measured from the ground and time series are available going back to
1947. Although the Mg II index is a more suitable proxy for UV irradiance variations
than the F10.7 cm radio flux [Viereck et al., 2001], the latter is the preferred choice
when considering variation back in time beyond the satellite era. Figure 2.3 shows the
Mg II index and PSI covering solar cycles 21 to 23. Using a regression with F10.7 cm,
square of F10.7 cm and PSI as terms, the Mg II index has been extended back to 1972,
the beginning of solar cycle 21.
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FIGURE 2.3: Solar proxy timeseries. Mg II index (top panel) and photometric sunspot
index (bottom panel) represent brightening due to faculae and darkening due to
sunspots, respectively. The period 1972 to 2008 shown in each panel covers solar
cycles 21–23 with daily (dots) and 81-day smoothed (solid line) values. The solid
points indicate maxima and minima (based upon the 81-day smoothed Mg II index
time series) and define dates of solar maxima and minima. For the period 1972–1978,
top panel shows reconstructed Mg II index, which is based on regression of Mg II index
in terms of F10.7 cm radio flux, square of F10.7 cm radio flux, and PSI. From Figure 2
of Published Manuscript III [Pagaran et al., 2011b].
Mg II core-to-wing ratio An important measure of variability from the solar chromo-
sphere or solar UV and EUV activity is the Mg II core-to-wing ratio. See top panel of
Figure 2.3.
The ratio is defined as irradiances at the h and k doublet at 280 nm (core) divided
by irradiances at the background (wings) at 278 and 281 nm. Core emissions of the
Mg II doublet (emission lines 279.55 and 280.27 nm, from 3p 2P1/2 configuration to 3s
2S1/2) are formed in the chromosphere (about 7000 K), while the continuum originates
in the photosphere (about 4000–5000 K).5 The changes in the emission originate in the
5The 1s, 2s, and 2p shells are all filled and so give 1S0 states. Mg II, i.e. Mg+ ion, is iso-electronic
with Na I. With Z = 11, Na has ground state 1s2 2s2 2p6 3s. When excited, the outer 3s electron may
jump to 3p, then on de-exciting the well-known Na D lines at 589.6 and 589.0 nm are emitted. Mg II lines
are emitted at 280.3 and 279.6 nm, the Mg II h and k lines, respectively.
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chromosphere and therefore this index is a measure of chromospheric activity. Typi-
cally, the variability of the photosphere is quite small while the chromospheric emission
varies about 30%, for example, during the transit of active region across the solar disk.
It has been shown that irradiance variations in the UV and extreme UV (EUV) correlate
well with the Mg II index [Viereck et al., 2001, 2004]. Originally developed by Heath
and Schlesinger [1986], the ratio has been extended using multiple satellite compos-
ite [Viereck et al., 2004], with data from GOME [Weber et al., 1998; Weber, 1999] and
SCIAMACHY [Skupin et al., 2005b]. Calculation of a core-to-wing ratio makes the index
practically insensitive to temporal and spectral changes in instrument response.
Photometric sunspot index Among the earliest indicators of solar activity is the
sunspot number. This indicator has evolved into PSI (photometric sunspot index).6 See
bottom panel of Figure 2.3. As defined below, PSI depends not only on the number but
also on the sunspot area, location on the solar disk, and contrast.
Sunspots, which are known to cause a decrease in TSI, can be quantified using the
PSI through the sum of all effects from all sunspots that are present on the solar disc:
[Fro¨hlich and Lean, 2004a; Balmaceda et al., 2009]
Pb =
n
i=1

∆SS
SQ

i
, (2.1)
where
∆SS
SQ
=
1
2
(3µ+ 2)µAS (CS − 1). (2.2)
∆SS is the deficit of the radiative flux due to the presence of sunspots having a total
area of AS . SQ is the total solar irradiance of the quiet Sun and equals 1365.5 W m−2
as taken from the PMOD/WRC composite [Fro¨hlich and Lean, 1998b; Fro¨hlich, 2006].
The sunspots are recorded in terms of heliocentric positions µ (µ = cos θ, where θ is
the heliocentric angle, so µ = 1 at the disc center and µ = 0 at the limb). The quantity
CS − 1 = 0.2231 + 0.0244 · log(AS). (2.3)
is the residual intensity contrast of the sunspot relative to that of the background pho-
tosphere.
F10.7 cm solar radio flux F10.7 cm (2800 MHz) solar radio flux characterizes the
conditions of the sun’s atmosphere at 10.7 cm wavelength or 2800 MHz frequency.
6The PSI may be accessed at http://www.mps.mpg.de/projects/sun-climate/data/As_PSI_
table4.txt
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Regular measurements of F10.7 cm are available from continuous routine measure-
ments since 1947.7 It is generated by a variety of different physical processes localized
in the solar photosphere, chromosphere, and corona [see, for example, Lilensten and
Kretzschmar, 2006]. In particular, it measures both thermal emission and electron gyro-
resonance emission in the sun’s chromosphere (high layers) and corona (low layers).
This solar flux is more directly related to or strongly correlated to solar EUV/UV radia-
tion. It is measured on the ground through the radio frequency, F10.7 cm (2800 MHz),
where the Earth’s atmosphere is transparent. Being easier to measure from ground
and better correlated with the EUV irradiance [Floyd et al., 2005], it is widely preferred
to the sunspot number.
F10.7 cm is the value of the solar radio emission flux density. It is measured in solar
flux units (SFU) or Jansky units (Jy), where
1 SFU = 104 Jy = 10−22Wm−2Hz−1. (2.4)
Typical values range from less than 70 to more than 300 SFU.
Proxy-based irradiance models Earliest and first irradiance models were formulated
between early and late 1980s in terms of proxies [Fox, 2004]. These models are called
empirical or proxy models. They take the form [see, for example, Fox, 2004; Fro¨hlich
and Lean, 2004a; Domingo et al., 2009]
I(λ) = I0 +
n
i=1
bi ·Xi(λi), (2.5)
where I(λ) is the modeled intensity as a function of wavelength, I0 is a constant, which
is usually a solar spectrum that was measured during periods of low solar activity; bi
are proxy coefficients, which are typically derived from multiple regression; and Xi(λ)
are the proxies that can be based from a particular spectra at wavelength λi.
2.6.2 Physics-based spectral irradiance models
Later in the 1990s, spectral irradiance models included some theoretical basis. Among
the assumptions and basis of formulation that make them different from each other are
that these physics-based spectral irradiance models calculate the solar spectrum using
radiative transfer models.
1.) Flux spectra. These models use the analogy of stellar atmosphere models. The
flux spectra at a particular wavelength and time are calculated using the formula
7The F10.7 cm data are available, for example, ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_
RADIO/FLUX/Penticton_Adjusted/daily/DAILYPLT.ADJ
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[see, for example, Fox, 2004; Domingo et al., 2009]
Fλ(t) = (1− fF − fS)FQλ + fFFFλ + fSFSλ , (2.6)
where superscripts Q, F , and S refer to the quiet sun, faculae, and sunspots,
respectively; f stand for fractional area of faculae (fF ) or sunspots (fS), Fλ for
flux spectral distribution of the quiet sun (FQλ ), faculae (F
F
λ ), and sunspots (F
S
λ ).
Examples of this model are Kurucz [Kurucz, 1993, 1995; Chance and Kurucz,
2010] and SATIRE (Spectral And Total Irradiance REconstructions) [Unruh et al.,
1999; Krivova et al., 2003, 2006] models.
2.) Intensity/Emission spectra. Radiances are calculated based upon emissions
assuming some temperature and pressure profiles of the solar atmosphere, which
are characteristic for certain surface structures like sunspots. The flux is calcu-
lated using the formula [see, for example, Fox, 2004; Domingo et al., 2009]
F (λ, t) = FQ(λ)

1 +

structures
∆Fstructures(λ)
FQ

, (2.7)
where FQ is the quiet sun intensity expressed among other quantities the center-
to-limb variation, ∆Fstructures is similar to FQ except it is a function of intensity
contrast for all surface structures. In the computation of irradiances, the exact
details can be found in Fox [2004].
Examples of this model are NRLEUV (Naval Research Laboratory Extreme Ultra-
violet) [Lean et al., 2003] and its extension NRLEUV 2 [Warren, 2006].
3.) Intensity/Radiance spectra. The spectral irradiance is calculated [see, for ex-
ample, Fox, 2004; Domingo et al., 2009]
I(λ, t) =

structures

µ
Istructures(λ, µ), (2.8)
as a sum of all contributing structures, each having individual intensities of fea-
tures, where Istructures(λ, µ) depends on the source function.
Examples of this model are SunRISE (Radiative Inputs from the Sun to the Earth)
[Fontenla et al., 1999, e.g.] and SRPM (Solar Radiation Physical Modeling)
[Fontenla et al., 2006, 2007, 2009].
2.7 Reconstruction of past irradiances
Direct measurements of SSI from space during the satellite era can be applied together
with irradiance models to reconstruct past spectral irradiances. To reconstruct the past
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spectral irradiances requires assumptions, for example, variations over several 27-day
solar rotations can be linearly extrapolated to decadal 11-year solar cycle time scales;
this assumes that the physical mechanisms underlying irradiance variability over solar
rotation and solar cycle timescales are very similar, and so on.
The following models have been used to reconstruct the past spectral irradiances. The
time coverage of the reconstruction goes beyond the satellite era (1978–present). The
satellite era covers three solar cycles 21 to 23.
• The Solar2000 (S2K), SIP (Solar Irradiance Platform) is an empirical irradiance
model described in Tobiska et al. [2000] with its subsequent improvements de-
scribed in Tobiska and Bouwer [2006].8 The model uses several observed irra-
diances from a variety of sources, i.e., from rocket, aircraft, ground, and space-
borne platforms. Among the many models the SIP model offers is the model
S2K+VUV2002 in version SOLAR2000 Research Grade V2.33. VUV2002 (1–
420 nm) is based on FUV and UV irradiances from UARS beginning in 1991
as published in Woods and Rottman [2002] and TIMED/SORCE measurements
beginning in 2002 that are modeled using daily F10.7 cm flux as proxy. Above
420 nm, the ASTM E-490 reference spectrum is used, whose integrated total irra-
diance is scaled to agree with TSI [Fro¨hlich and Lean, 1998b]. No solar variability
is modeled in the spectral region above 420 nm.
• The UV-vis-IR irradiance model by Lean et al. [1997, 2005], which is also called
NRLSSI, calculates SSI empirically on a per-wavelength basis.9 Observed irra-
diances are parametrized in terms of solar proxies of sunspot area and facular
brightening. The NRLSSI solar proxy model has been adjusted to SEE/TIMED
and SOLSTICE/UARS data in the 0–120 nm and 120–300 nm wavelength ranges,
respectively. Above 300 nm, SSI is a composite of SOLSPEC up to 900 nm
and the Kurucz spectrum at longer wavelengths. In this region model results of
sunspot and facular contrasts from Unruh model are used [Lean, 2000b]. Fur-
thermore, its integrated SSI from 120 to 105 nm is constrained to agree with bolo-
metric TSI.
• The SATIRE (Spectral And Total Irradiance REconstructions) model from Krivova
et al. calculates solar irradiances (TSI and SSI) based on the assumption that
variations are caused by magnetic fields at the surface [Solanki and Krivova,
2004b]. The model superposes representative model irradiances for quiet sun,
sunspot umbrae and penumbrae, and networks that are based on magnetic sur-
face observations from MDI (Michelson Doppler Imager) continuum images and
ground-based observations [Kurucz, 1993; Unruh et al., 1999; Krivova et al.,
2003, 2006]. Below 300 nm, a semi-empirical approach [Krivova et al., 2006]
8http://www.spacewx.com/solar2000.html
9http://lasp.colorado.edu/LISIRD/NRLSSI/NRLSSI.html
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is used to extend to shorter wavelengths (down to 115 nm). The approach uses
SUSIM/UARS and Mg II ctw ratio to obtain an improved estimate of solar cycle
variations between 240 and 400 nm.
• The SCIA proxy model from Pagaran et al. calculates SSI empirically with the
help of solar proxies. It is like NRLSSI but the basis of the modeled spectral irra-
diances are selected timeseries measurements from SCIAMACHY. About 2/3 of
the present dissertation deals with proxy-based spectral irradiance modeling, see
Chapters 4 (Published Manuscript II and Pagaran et al. [2009]) for the details in
developing the model and 5 (Published Manuscript III and Pagaran et al. [2011b])
for applications in reconstructing SSI variability over the recent solar cycles 21 to
23.
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Chapter 3
SCIAMACHY solar measurements
3.1 Introduction and Motivation
Since 1978, solar spectral irradiance has been measured from different platforms in
space and therefore without the influence of the Earth’s atmosphere. These measure-
ments have been made for the most part in the UV range. In 1995, they then have
been extended to the vis-IR spectral regions by GOME instrument [Weber et al., 1998;
Burrows et al., 1999]; in 2002 up to the SWIR region with SCIAMACHY aboard EN-
VISAT [Bovensmann et al., 1999; Skupin et al., 2005a,b; Gottwald et al., 2006] and in
2003 with SIM aboard SORCE [Harder et al., 2000, 2005a,b]. These measurements
show that while the UV variations are relatively large the vis-IR variations are relatively
tiny, varying between about 0.2% and 0.4%. To observe these tiny vis-IR variations
the instrument has to have a relative uncertainty of a few parts in 104 over its lifetime
[Rottman et al., 1998]. How the solar measurements from SCIAMACHY and SIM com-
pare to each other and to existing solar data especially in the vis-IR spectral regions
needs to be investigated. The comparison is important on the quality of continuity and
homogeneity of SSI datasets as obtained from different spectrometers.
SCIAMACHY is the first atmospheric sounder instrument to observe the sun on a daily
basis from 240 to 1700 nm at a moderately high spectral resolution of 0.2 to 1.5 nm.
SIM, on the other hand, is the first solar-dedicated instrument to perform the same
routine but at a lower spectral resolution of 0.25 to 33 nm. While SIM employs one
optical element, the Fe`ry prism, SCIAMACHY uses a combination of predispersing
prism and gratings in eight spectral channels. The latter combination ensures that
certain spectral absorption features can be adequately resolved, allowing trace atmo-
spheric constituents to be retrieved, for example, by the Differential Optical Absorption
Spectroscopy (DOAS) method. The ratio of the upwelling radiance and SSI, the sun-
normalised radiance, which is inverted to provide information about the amounts and
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distribution of important earth atmospheric constituents, does not require absolutely
calibrated spectral irradiance to first-order.
In general, direct solar measurements provide the starting point for reconstruction of
past spectral irradiances [Lean et al., 1997; Tobiska et al., 2000; Lean et al., 2005;
Krivova et al., 2006; Tobiska and Bouwer, 2006; Krivova et al., 2009, 2011]. Vali-
dation by comparison with other data is required in order to assess the accuracy of
the solar spectral irradiance data and to assess how calibration and degradation with
time may impact its use for reconstruction and long-term trends. Before using SCIA-
MACHY irradiances for modeling purposes, validation with SIM and other existing data
is performed. Reconstruction of past irradiances starting from SCIAMACHY data is
presented in Chapters 4 and 5, Published Manuscripts II and III, respectively.
In the following sections, the objective, method, results, and my contributions to Pub-
lished Manuscript I are briefly summarized. With kind permission from the publisher,
European Southern Observatory (ESO), Published Manuscript I is then reproduced in
full at the end of this chapter as published in Astronomy and Astrophysics journal.
3.2 Objective
The objective of this investigation, reported in Published Manuscript I, is to validate the
solar measurements from SCIAMACHY by comparing them with other existing spectral
irradiance data. The data used for validation include measurements from ground, high-
altitude, and space instrumentation. Two kinds of validation are made. First, validation
of absolute values are made by comparing solar measurements made on the same day
(April 21, 2004); second, validation of observed variability by comparing time series of
space-borne solar measurements (from July 3 to August 21, 2004) covering several
solar rotations.
3.3 Results
In the direct comparison of daily solar spectra, the solar irradiance data from SCIA-
MACHY agree with the data obtained from SIM to within 4% over the common spectral
domain. See Figure 3.1 for a sample comparison in UV-vis-NIR spectral region. Com-
parisons of SCIAMACHY and SIM with balloon data from Hall & Anderson, ground-
based Kitt-Peak FTS (Fourier Transform Spectrometer) data, and Wehrli composite
show overall quite good agreement to within 4% across the UV and visible. These ref-
erence spectra show telluric contributions that may lead to larger differences, but still
remain within 4% of space SSI.
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FIGURE 3.1: Comparison of spectra in UV-vis-NIR (240-1600 nm). SCIAMACHY with
(red) and without (blue) WLS corrections, SUSIM (pink) and SIM (tan) at their native
spectral resolution and after convolving using SIM’s ESR instrument function (top sub-
panel). Bottom subpanel: Solar ratios with respect to SIM after convolution. This figure
shows that SCIAMACHY and SIM are in agreement to within 4% over the common
spectral domain. From Figure 6 of Published Manuscript I.
The SSI variability from day-to-day covering several solar rotations in 2004 is compared
between SCIAMACHY and other measurements from VIRGO aboard SOHO and SIM
aboard SORCE. See Figure 3.2. The overall rise and fall of integrated SCIAMACHY
and SIM irradiances over several solar rotations are in good agreement and variations
in the visible and near IR correspond in most cases qualitatively with TSI variations,
the rise and fall signature due to the passage of active regions across the solar disc.
The application of the White Light Source (WLS) corrections brings SCIAMACHY irra-
diances in better agreement with SIM. As WLS is also degrading over time, the WLS
lamp ratios cannot be used for SSI degradation corrections after 2004. The resulting
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good agreement shown from this comparison, therefore, provides confidence in SCIA-
MACHY irradiances to be used as basis for constructing a simple irradiance model in
quantifying short- (several 27-day solar rotations) and long-term (several 11-year solar
cycle) timescales. See Published Manuscripts II and III, respectively.
Changes of integrated SSI time series at selected larger spectral regions with respect
to July 14, 2004, along with variations in TSI, are also compared. See Figure 3.3.
The overall variability is in agreement with integrated SSI from SIM over the same
wavelength range. In the 240–1600 nm band (bottom panel) TSI time series are found
to closely agree with integrated SSI. This suggests that spectral regions shorter than
240 nm and longer than 1600 nm contribute very little to TSI. A closer look at the solar
rotation minima moreover indicates that integrated SSI in the visible range is deeper
than TSI. By contrast integrated SSI appears shallower in the NIR than TSI and almost
agrees with TSI over the entire UV/vis-NIR.
3.4 Contributions from J. P. to Published Manuscript I
J. P. drafted the manuscript and worked in comments and suggestions of improvements
as provided by co-authors and referees. He performed all the data reduction and almost
all of the data analysis, and interpretation of results. The data analysis by J. P. included
the following tasks:
• Preparation of the SCIAMACHY irradiance data used for the study. For an overview
on the set-up of the SCIAMACHY irradiance data, see Appendix A.2. This ap-
pendix describes the application of pixel mask, normalisation to over 1 AU mean
sun-Earth distance, and conversion to irradiance units.
• Preparation of other irradiance data (reference spectra from ground and space
observations, daily spectra from other space missions, and TSI data) that are
used in the comparisons.
• Convolution of spectra to match high spectral resolution data to SSI with the low-
est spectral resolution, in this case SIM, using appropriate instrument slit func-
tions.1 Having the least spectral resolution among SSI data used, the instrument
function of SIM spectrometer was applied; this was provided kindly by J. H. The
convolution was applied to all daily spectra used in timeseries comparison.
• Integration of spectral fluxes over selected wavelength ranges using 5-point Newton-
Cotes numerical integration formula, cf. Appendix A.2.6.
1Basics of convolution are provided in Appendix A.2.5.
54
FIGURE 3.2: SSI time series comparison. Shown are hourly SPM VIRGO data (or-
ange dots), 6-hourly SIM (brown x), daily SCIAMACHY (green +), and WLS corrected
SCIAMACHY spectra (blue dots) at Red (bottom panel), Green (middle panel), and
Blue (top panel) filters of SPM. All data are shown with respect to data from July 14,
2004. Daily spectra from SIM and SCIAMACHY are convolved to SPM RGB bandpass
filters. From Figure 9 of Published Manuscript I.
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FIGURE 3.3: Integrated SSI time series comparison. This figure shows from top to
bottom panels the time series of SSI integrated over vis (400–700 nm), NIR (700–
1600 nm), and entire UV/vis-NIR (240–1600 nm) spectral regions, respectively. From
Figure 10 of Published Manuscript I.
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ABSTRACT
The two satellite spectrometers SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY)
aboard ENVISAT (Environmental Satellite), and SIM (Spectral Irradiance Monitor) aboard SORCE (Solar Radiation and Climate
Experiment) observe since 2002 and 2003, respectively, daily solar spectral irradiance (SSI) not only in UV but extending to the
visible and near- infrared (vis-NIR) regions. In this work, we intercompare (1) spectra and (2) timeseries of SSI measurements from
SCIAMACHY and SIM. In (1) same-day (April 21, 2004) SSI measurements from these two instruments are compared to refer-
ence spectra from ground (new Kurucz), high-altitude (Hall and Anderson, Neckel and Labs, and Wehrli composite), and space
(SOLSPEC/ATLAS 3, and SUSIM/UARS). In (2) timeseries of measurements (July 3 to August 21, 2004) covering several solar ro-
tations in 2004 are compared to VIRGO sunphotometers (SPM) aboard SOHO. In general, SCIAMACHY and SIM are in agreement
to within 4% over the common spectral domain and with respect to the other reference data. Apart from SSI and its variability, we in-
tegrate SSI over selected wavelength intervals and compare qualitatively to total solar irradiance (TSI) variability from PMOD/WRC
and TIM/SORCE. Timeseries of integrated SSI in the vis (400–700 nm), NIR (700–1600 nm), and UV-vis-NIR (240–1600 nm) bands
are compared. The overall rise and fall of integrated SCIAMACHY and SIM irradiances over several solar rotations are in good
agreement and agree in most cases qualitatively with TSI variations in the visible and near IR. The application of White Light Source
(WLS) corrections brings SCIAMACHY irradiances in closer agreement with SIM. Since WLS is also degrading with time, the WLS
lamp ratios cannot be used for SSI degradation corrections after 2004.
Key words. Sun: activity – Sun: faculae, plages – Sun: infrared – Sun: photosphere – Sun: rotation – sunspots
1. Introduction
The variability of solar irradiance is a strong function of wave-
length. The knowledge on how it varies as a function of wave-
length is a key in understanding solar-stellar (Hudson 1988;
Berdyugina 2005; Nandy & Martens 2007; Hall 2008; Priest
2009), and solar-terrestrial connections (Hoyt & Schatten 1997;
Lean 1997; Lean & Rind 2001; Arnold 2002; Fröhlich & Lean
2004; Haigh 2003, 2007; Rind et al. 2008; Domingo et al. 2009;
de Wit & Watermann 2010; Gray et al. 2010). Our present un-
derstanding of solar spectral irradiance (SSI) variability is based
on direct SSI measurements in the UV (Lean 1987; Woods &
Rottman 2002; Rottman et al. 2004) and visible-infrared (vis-
IR) regions (Harder et al. 2005a,b; Pagaran et al. 2009). Regular
daily UV measurements from space began in the late 1970s,
while vis-IR measurements just started in the 2000s with the
launch of SCIAMACHY and SIM (see Fig. 1). According to
the Intergovernmental Panel on Climate Change (IPCC) Report
(2001), the level of scientific understanding (LOSU) on UV solar
irradiance variations is medium to high while the LOSU of vis-
NIR variations are poor, since there were only model estimates
available by then. Since the launch of SCIAMACHY aboard
ENVISAT (2002-present) (Bovensmann et al. 1999; Skupin
et al. 2005a,b; Gottwald et al. 2006) and SIM aboard SORCE
(2003-present) (Harder et al. 2000, 2005a,b), first quantitative
statements on the variability of solar output in the visible and
near-IR could be made. See for example, Fontenla et al. (2004);
Unruh et al. (2008); Harder et al. (2009); Pagaran et al. (2009).
Despite the limited time coverage of these direct SSI measure-
ments, they provide the starting point for reconstructing SSI in
the pre-satellite, telescopic and even pre-telescopic era (Lean
et al. 1997; Tobiska et al. 2000; Lean et al. 2005; Krivova et al.
2006; Tobiska & Bouwer 2006; Pagaran et al. 2009; Krivova
et al. 2009, 2011) these SSI reconstructions are nevertheless
used, for example, as “realistic” solar input to general circulation
models (GCMs) in assessing the overall role of the changing sun
in a changing terrestrial climate (Haigh 2003, 2007; de Wit &
Watermann 2010).
SSI variability is the spectral decomposition of “solar con-
stant” or total solar irradiance (TSI) variability. The contribu-
tion to TSI is roughly 70% from the vis-IR spectral region and
less than 30% from UV. During an 11-year solar cycle, TSI
varies by 0.1% between solar maximum and minimum or dur-
ing a 27-day solar rotation by up to 0.2–0.3% depending on the
level of sunspot activity (Fröhlich & Lean 2004; Rottman 2006).
About half of TSI variability comes from the UV, i.e., about 30–
60% (Lean et al. 1997; Krivova et al. 2006; Pagaran et al. 2009),
the remainder from vis-IR. However, not all spectral regions vary
in the same phase with TSI as shown by SCIAMACHY (Pagaran
et al. 2009) and SIM (Harder et al. 2009) observations. Even
though the radiometric calibration in SCIAMACHY, primarily
an earth atmosphere sounder, has a somewhat lower priority than
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Fig. 1. SSI and TSI measurements as used in this study. Top sub-
panel shows wavelength ranges and time coverage of SSI mea-
surements from SUSIM/UARS (purple), VIRGO SPM/SOHO (tan),
SCIAMACHY/ENVISAT (green), and SIM/SORCE (maroon). Bottom
subpanel shows TSI from PMOD/WRC composite (black) and
TIM/SORCE (blue) measurements.
for dedicated solar satellite spectrometry like SIM, its stability
is suﬃcient to detect changes, e.g., at the per-mill level in vis-
IR, over brief periods like 27-day solar rotation (Pagaran et al.
2009). As an advanced version of GOME (Burrows et al. 1999;
Weber et al. 1998) aboard ERS-2, SCIAMACHY is a multi-
channel grating spectrometer, whose primary aim is the retrieval
of trace gases in the Earth’s atmosphere on a global scale. The
employment of multiple gratings is to resolve spectral absorp-
tion features from scattered sunlight (upwelling radiance) by the
Earth’s atmosphere. The ratio of the upwelling radiance and SSI,
which is inverted to provide information about the amounts and
distribution of important atmospheric constituents, does not re-
quire to first order absolutely calibrated SSI. In contrast, as an
extension and replacement to SOLSTICE (Rottman et al. 1993;
Rottman & Woods 1994) aboard UARS, SIM is a single-element
spectrometer, whose primary aim is to measure spectral irradi-
ance, i.e., at a suﬃcient precision and accuracy, thereby pro-
ducing a reliable record of short and multi-year solar variations
(Rottman 2005; Harder et al. 2009).
Below, we discuss two aspects of comparison: (1) the shape
of the solar spectra (spectral aspect) and (2) the vis-NIR vari-
ations over several solar rotations (time aspect). In the past
years, comparisons focusing on (1) consider most of the avail-
able reference spectra including SIM. They have been made,
for example, in Gueymard (2004, 2006) but without taking
into account the spectral response function (slit function) of
the individual instruments. In contrast, proper use of instrument
function were made in comparisons between SIM and SRPM
spectral synthesis (Fontenla et al. 2004; Harder et al. 2005c;
Fontenla & Harder 2005); SCIAMACHY and SIM to several ref-
erence spectra (Gurlit et al. 2005; Skupin et al. 2005a,b; Piters
et al. 2006). Most recent comparison using SCIAMACHY has
been made by Dobber et al. (2008) but it was limited to the 250–
550 nm wavelength range. Recently in Harder et al. (2010), SIM
has been compared to Thuillier et al. (2004) reference spectrum.
Comparisons focusing on (2) were restricted to the three color
channels of the SPM instrument of SOHO/VIRGO (Fligge et al.
1998, 2000; Unruh et al. 2008); this restriction is observed in the
present work. In Unruh et al. (2008), SATIRE semi-empirical
model was compared to SIM across the UV-vis-IR spectrum as
well as over 27-day solar rotational time scales. We extend their
work by adding SCIAMACHY to SIM comparisons and by us-
ing other time periods (from July 3 to August 21, 2004). During
this time interval, significant solar activity occurred (Harder
et al. 2005c) thereby significantly increasing signal-to-noise ra-
tio (S/N) especially in vis-NIR regions. Detecting NIR variations
reaches the instrumental noise levels during quiet Sun periods.
Most of these studies did not investigate how the changes of SSI
and integrated changes of SSI over selected wavelength intervals
compare to changes of TSI over several rotational time scales.
We will pursue the latter comparisons but only qualitatively.
With the new archive of solar data from SCIAMACHY and
SIM starting in 2002 and 2003, respectively; and the various in-
tercomparisons made in the past few years, there is a need to
validate SSI measurements from SCIAMACHY and SIM with
emphasis on the vis-NIR regions. This will be done in this
work as follows. Section 2 describes the reference and time-
series solar data used in the validation. Section 3 intercompares
SCIAMACHY and SIM irradiances as a function of wavelength
and time, and SCIAMACHY and SIM integrated irradiances
over selected wavelength intervals. Finally, Sect. 4 presents the
discussion and conclusion of this study. An Appendix is included
to provide a short overview on the instrumentation and in-flight
calibration mechanisms of the two radiometers.
2. Data
In this section, first we give a brief overview of the two spec-
trometers: SCIAMACHY and SIM. Then we briefly describe the
SSI data that are used for intercomparison.
2.1. SCIAMACHY and SIM instruments
The overview provides a short description on the design of these
two instruments. Refer to Appendix A for additional information
about the instruments.
SCIAMACHY aboard ENVISAT, 240–2380 nm, 2002-present.
SCIAMACHY is a passive remote sensing imaging double spec-
trometer, which is a combination of a predispersing prism and
gratings. Detailed description of SCIAMACHY can be found in
Bovensmann et al. (1999); Gottwald et al. (2006); Pagaran et al.
(2009).
Before the light enters the spectrometer, it passes through a
scanner module (elevation and/or azimuth scanner) and a tele-
scope (oﬀ-axis parabolic mirror) before reaching the entrance
slit. The light is then collimated and directed onto the predis-
persing prism. This prism also serves as a Brewster window to
separate polarized light, which is recorded at low spectral reso-
lution using polarization monitoring devices (PMD).
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Ch 1
Ch 2 Ch 3
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Ch 6
Fig. 2. Sample UV/vis-NIR solar spectra from SCIAMACHY (top) and
SIM (bottom). Both spectra are taken on April 21, 2004. Listed in each
panel are channels (SCIAMACHY) or spectral (SIM) bands, point sam-
pling and spectral resolution. Boundaries between channels or bands are
indicated by vertical dashed lines.
The prism separates the light into eight diﬀerent channels.
Reflected parts of the spectrum at shorter and longer wave-
lengths are directed to Channels 1–2 and 7–8, respectively.
Unreflected parts of the spectrum are directed to Channels 3–6,
where separate dichroic mirrors are employed to select wave-
length ranges for each channel. An additional dichroic mirror is
used to separate light further into SWIR spectral components in
Channels 7 and 8.
Each channel has its own grating, transmission optics, and
diode array detector. The role of the grating is to disperse the
light into a high resolution part of the spectrum before the light
is directed onto a linear 1024 pixel detector array. Silicon mono-
lithic Reticon RL 1024 SR diode arrays developed by EG&G
and InGaAs detectors by Epitaxx, Inc are used in Channels 1–5
and Channels 6–8, respectively.
SCIAMACHY has three optical paths for measuring solar
irradiance, namely: calibration, limb, and nadir optical paths.
These paths pass through ASM (azimuth scan mirror) mirror
and ESM (elevation scan mirror) diﬀuser, ASM and ESM mir-
rors (limb), and ESM mirror only (nadir), respectively. Only the
combination of ESM and ASM mirrors has been radiometrically
calibrated before launch using FEL lamps.
A sample SCIAMACHY spectrum measured on April 21,
2004 is shown in Fig. 2 (top panel). For this and daily spectra,
we use version 6.03 SCIAMACHY data. For optical degrada-
tion corrections, particularly in the UV bands, the internal white
lamp source (WLS), a quartz-halogen tungsten lamp, can be
used to track changes with time in the optical throughput. The
WLS corrections are described in Appendix A. In this study both
SCIAMACHY data without degradation correction and with
WLS corrections are compared. Since the WLS light path also
suﬀers from optical degradation, the WLS corrections are not
recommended for SCIAMACHY data after 2004.
SIM aboard SORCE, 300–2400 nm, 2003-present.SIM is a
dual Fèry prism spectrometer that employs only one optical el-
ement to focus and disperse the light into parts of spectrum. It
is a dual spectrometer consisting of two mirror image spectrom-
eters; one for daily measurements while the other is used on a
monthly basis to perform degradation corrections; SIM B has
about 22% of the exposure rate of SIM A. Comprehensive ac-
count of the SIM design and operation can be found in Harder
et al. (2005a,b, 2010).
Light from the entrance slit is directed to the prism, which
rotates on a flex pivot with a flex suspended voice coil motor.
The light is separated and directed to the exit slit, where an elec-
trical substitution radiometer (ESR) and four photodiodes (UV,
vis1, vis2, and NIR) simultaneously measure spectral irradiance
at four neighboring wavelength ranges. In total, five independent
detectors with overlapping wavelength coverage are used.
Every three months, an entire UV/vis-NIR scan is recorded
with the ESR, which is the primary detector, but weekly ESR
measurements are performed at selected wavelengths for the
degradation corrections. The four photodiodes, which is a com-
bination of Si and InGaAs diodes, provide two daily scans in the
200 to 1629 nm range. Two of these are the vis1 and vis2 pho-
todiodes, which are constructed similarly but with n-on-p and
p-on-n geometries, respectively. Due to increased levels of de-
tector degradation due to proton bombardment, scan from the
vis2 diode is not reported. For wavelength calibration purposes,
a separate optical path passing to a steering mirror then onto a
CCD is described in Appendix A.
A sample SIM1 spectrum measured on April 21, 2004 is
shown in Fig. 2 (bottom panel). For this and daily spectra, we
use version 13 SIM data.
2.2. Solar data used for intercomparison
In the intercomparison, we are interested in two aspects: (1)
spectral, and (2) time aspects. While the first aspect considers
irradiance data as a function of wavelength, the second aspect
considers irradiance data not only as a function of wavelength
but also as a function of time.
In addition to intercomparing SCIAMACHY and SIM com-
parisons between the two and the following SSI data are made:
(1) ground-based (2) high-altitude (rockets, balloon, or aircraft),
and (3) other space-borne measurements. These spectra and the
types of comparison considered are summarized in Table 1.
Ground-based measurements.New Kurucz spectrum2 is an
extremely high resolution spectrum (e.g., 0.0005 nm) from 300
to 1000 nm. It is based on re-reduced McMath-Pierce Fourier
Transform Spectrometer (FTS) scans from Kitt Peak National
1 http://lasp.colorado.edu/sorce/data/ssi_data.htm
2 See, for example, in
http://kurucz.harvard.edu/sun/IRRADIANCE2005/
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Table 1. Solar spectra used in this study for comparisons.
Spectral intercomparison
Ground-based & high-altitude Wavelength Resolution [nm] References
range [nm] /Increment[nm]
Hall and Anderson 200–310 ∼0.025/0.01 Hall & Anderson (1991)
Neckel and Labs 330–1250 2/1 to 5 Neckel & Labs (1984)
New Kurucz or Kitt Peak 300–1000 <0.005 Kurucz (1995)
/0.0003 to 0.001
Wehrli composite 200 to 10 000 0.4–2/1 to 2 Wehrli (1985)
Space-borne spectra Wavelength Resolution [nm] References
range [nm] /Increment[nm]
SOLSPEC/ATLAS 3 composite 200–2400 1/0.015 to 1 Thuillier et al. (2004)
SUSIM/UARS 120–410 0.15/0.05 Brueckner et al. (1993, 1995)
Timeseries intercomparison
Selected SSI data Wavelength Time period References
range [nm]
RGB from VIRGO/SPM 402, 500, and 862 1996-present Fröhlich et al. (1995)
Selected TSI data average TSI Time period References
PMOD/WRC 1367 W m−2 1978-present Fröhlich & Lean (1998)
TIM/SORCE 1361 W m−2 2003-present Kopp et al. (2005)
Solar Observatory that made up the Kitt Peak Solar Flux Atlas
by Kurucz (1995).
High-altitude measurement.The Hall and Anderson reference
spectrum (Hall & Anderson 1984; Anderson & Hall 1989; Hall
& Anderson 1991) are composed from balloon measurements
near 40 km in April of years 1977–78, 1980–81, and 1983. It
is a composite spectrum composed of 1983 data from 200.00–
207.74 nm and normalized 1978 data from 207.75–310.00 nm.
It has a sampling rate of 0.01 nm that has been obtained by block
averaging over 5 samples in the original data for purposes of
data manageability. No significant artefacts have been found as
a result of this block averaging.
The Neckel and Labs spectrum (Labs & Neckel 1968;
Neckel & Labs 1981, 1984) spectrum is a three-band UV/vis-IR
composite. It is composed of rocket data (200–330 nm), scaled
HAO radiance data (330–1250 nm), and various other sources
(above 1250 nm). The latter spectral regions were observed in
the early 1960’s at the Jungfraujoch Scientific Station (Neckel
& Labs 1984). Their last revision (Neckel & Labs 1984) took
into account measured center-to-limb variation obtained from
the Kitt-Peak National Solar Observatory using the Jungfraujoch
instrument.
The PMOD/WRC composite from Wehrli (1985) was de-
veloped as a UV/vis-NIR composite from existing datasets,
which were concatenated to cover most of the spectrum
(200 nm–10 μm); the datasets are obtained from various sources:
Neckel & Labs (1981), aircraft, rocket, and balloon data. The
resulting composite spectrum is constrained such that its inte-
grated irradiance is equal to the WMO-recommended solar con-
stant value of 1367 W m−2. This constraint is applied on the
assumption that the irradiance below 199 nm and above 10 μm
are negligible.
Space-borne measurements.The SOLSPEC/ATLAS-3 com-
posite is based on irradiance measurements performed during
the ATLAS missions on board the Space Shuttle (Thuillier et al.
2004; Harder et al. 2010). These missions are Spacelab (1982),
ATLAS 1-2-3 flights (1992–1994), and the SOlar SPectrum
(SOSP) on EURECA mission (1993–1994). The composite has
a wavelength range from 200–2400 nm. SSI in 200–400 nm is
from SSBUV, SUSIM and SOLSPEC data (ATLAS mission) and
SOLSTICE and SUSIM data (UARS). SSI in 400–800 nm is
from SOLSPEC data, above 800 nm from SOSP NIR data. Its
spectral resolution is 0.25 nm (sampling rate of 0.05 nm) in 200–
400 nm and 0.5 nm above 400 nm (variable sampling of 0.2 to
0.6 nm).
SUSIM aboard UARS is a dual dispersion spectrometer,
which consists of two independent double-monochromators
(Brueckner et al. 1993, 1995). For comparison, we use version
22 SUSIM3 spectrum (mid-resolution) that was measured on
April 21, 2004 through scanning mode (Floyd et al. 2003).
The VIRGO/SOHO sunphotometers (SPM) are filter ra-
diometers that measure solar variability in three wavelength
bands: 402 (Blue), 500 (Green) and 862 nm (Red) with band-
widths (FWHM) of 5.4, 5.0 and 5.7 nm, respectively (Wehrli &
Fröhlich 1991; Fröhlich et al. 1995). The profiles of the band-
pass filters are shown in Fig. 8 in Sect. 3 below. We use version
20 level 2.0 hourly data that have been obtained from the SOHO
data archive4.
Produced as early as 1997, TSI composite from
PMOD/WRC was the first to be constructed from diﬀerent
TSI measurements (Fröhlich & Lean 1998). In our comparison
below, we use the composite d41 61 0810 version5. For the time
period in summer 2004 considered in this study the TSI data in
the PMOD/WRC composite stem from VIRGO (Fröhlich et al.
1995; Fröhlich 2003).
At a much higher relative precision and absolute accu-
racy, TIM aboard SORCE instrument is a new generation TSI
radiometer, a state-of-the-art electrical substitution radiometer
(Kopp et al. 2005). It measures TSI to an estimated absolute
accuracy of 350 ppm (0.035%) and TSI relative changes up to
less than 10 ppm/yr (0.001%/yr). The TSI values from TIM
3 http://wwwsolar.nrl.navy.mil/susim_uars_data.html
4 SPM data are available from ftp://ftp.pmodwrc.ch/pub/data/
irradiance/virgo/SSI/SPM_lev20a_h_170496_290508.dat;
see also ftp://ftp.pmodwrc.ch/pub/Claus/SORCE_Sep2006/
SSI_Poster.pdf
5 See, for example,
ftp://ftp.pmodwrc.ch/pub/data/irradiance/composite/
DataPlots/composite_d41_61_0810.dat
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are consistently 4–5 W m−2 less than TSI from other data, i.e.,
1361 W m−2. This issue has yet to be resolved. Daily SORCE
TSI values are available from 2003 up to present. In our analysis
we use the version 9 TSI data6.
Among the irradiance data sets, the first seven and last three
irradiance data sets (SPM VIRGO, PMOD and TIM TSI) are
used in spectral and timeseries intercomparisons, respectively.
3. Intercomparison of UV/vis and NIR Solar
Measurements
In this section intercomparisons are made by taking into full con-
sideration the instrument profiles or slit function of the individ-
ual SSI measurements. In a given set of SSI data to be compared,
spectra of relatively high spectral resolution are convolved to the
SSI measurement that has the least spectral resolution. The con-
volution is done using the best known slit function of the in-
strument. When the slit function is not known, all wavelengths
are rebinned to that of the spectrum having the least spectral
resolution, thereby putting all spectra on a common wavelength
scale; this is performed before we calculate integrated flux over
a wavelength range.
In our comparison, SSI values are expressed by ratio with
respect to a reference spectrum.
3.1. SSI comparison: same-day solar spectra
First, we compare SSI measurements from SCIAMACHY and
SIM that are measured on a particular day to reference spectra.
In general, the reference spectra are obtained from diﬀerent dates
or composite of them. The discrepancies are too small (in order
of parts per mill) to be significant.
Together with the instrument’s profile, spectral coverage, and
spectral resolution, Fig. 2 shows SCIAMACHY and SIM spectra
that were measured on April 21, 2004, along with plots of spec-
tral resolution and point sampling as a function of wavelength.
Shown are a SCIAMACHY spectrum without WLS correction
and a SIM spectrum with bias correction as described in Harder
et al. (2010). The latter is the standard SIM data product that is
publicly available.
In this figure, only the wavelength range of up to 1600 nm is
shown since the spectral channels 7 and 8 suﬀer from strong con-
tamination (see also Fig. A.3). For subsequent analysis, we use
triangular instrument line shapes for convolving reference data.
SIM covers about six elements per resolution element while
SCIAMACHY is close the to the Nyquist frequency limit of two
data points per resolution elements for most parts of the spec-
trum. The FWHM of the SCIAMACHY line shape has been
determined of emission lines of the Pt/Ne/Cr/Ar lamp (SLS).
The SIM instrument line shape is determined from realistic ray
trace analysis of the instrument and then verifying the profile
area matches the result of the instrument scans done with laser
sources. The trapezoidal shape of the instrument profile is ray
traced for about 100 wavelengths over each detectors operating
range. The trapezoidal profile can be determined for any wave-
length by interpolation.
Wavelength uncertainty can be responsible for significant
uncertainty in UV irradiance (Woods et al. 1996), which
can become the dominant source of uncertainty towards the
short wavelengths. Figure 3 shows a plot of absolute UV
irradiances at 200–320 nm from SIM, SCIAMACHY, and
6 See, for example,
http://lasp.colorado.edu/sorce/data/tsi_data.htm
Fig. 3. Top subpanel: SIM (tan), SCIAMACHY with (red) and with-
out (blue) WLS corrections, SOLSPEC/ATLAS-3 (purple), Hall &
Anderson (green), and SUSIM/UARS (pink) in the 230 nm to 310 nm
spectral window. All spectra were convolved to SIM spectral resolution
using the SIM instrument functions except for the SUSIM/UARS data,
which have been binned to 1 nm. Bottom subpanel: ratios of solar data
(top) to Hall & Anderson data. Mean ratio of UV spectra to Hall &
Anderson data is listed in the upper subpanel.
SOLSPEC/ATLAS-3 convolved to the SIM resolution and 1 nm
binned SUSIM/UARS, 1 nm bin being the native spectral res-
olution in the publicly released of the latter data. The bottom
panel shows these spectra integrated into 10 nm bins. The dif-
ferent features and structures are in excellent agreement among
all spectra. Overall, there are no significant discrepancies with
respect to the wavelength calibration in UV.
Figure 4 shows a plot of absolute irradiances (top subpanel)
and ratio (bottom subpanel) of SCIAMACHY (with and without
WLS correction) and SIM with respect to Kitt Peak. Overall,
the figure suggests diﬀerences of less than 3%. A dip of −2% in
about 360 nm may be attributed to interference with terrestrial
oxygen dimer absorption features, see for example, Greenblatt
et al. (1990), that may still be present in Kitt-Peak spectrum used
here.
Figures 5 and 6 show convolution of SUSIM and
SCIAMACHY spectra to SIM using triangular instrument pro-
files from UV, vis1, and NIR; and ESR spectrometer channels,
respectively. The top subpanels show the original spectra from
SUSIM (pink), SCIAMACHY (with and without WLS correc-
tions, red and blue, respectively), and SIM (black). In the UV,
SUSIM seems to show high frequency structure, which is en-
hanced when ESR profile is used. This indicates that SIM ESR
becomes noisy towards shorter wavelengths. Both instruments
appear to contribute to this structure and have about the same
S/N in this spectral region (though SIM has better noise perfor-
mance from a photodiode detector than a thermal detector with
noise floor of about 2 nW Hz1/2 with a 40 s integration period).
SCIAMACHY shows an overall bias of less than 5% with
respect to SIM across the UV, vis, NIR ranges in each figure.
This is valid regardless if WLS correction is applied or not. The
largest changes due to the WLS corrections are in the UV region.
In the vis region, WLS correction has removed the artefacts near
the channel boundary at 600 nm and 800 nm but failed to do
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Fig. 4. Top subpanel: SCIAMACHY with (red) and without (blue) WLS
corrections, SIM (tan), and Kitt Peak (purple) solar data in the 330 to
580 nm spectral range. SCIAMACHY and Kitt Peak data were con-
volved to the spectral resolution of SIM. Bottom subpanel: solar data
ratioed to Kitt Peak data. Mean ratio of UV-vis spectra to Kitt Peak data
is listed in the upper subpanel.
Fig. 5. SCIAMACHY with (red) and without (blue) WLS corrections,
SUSIM (pink), SIM (tan) at their native spectral resolution and after
convolving to SIM resolutions using instrument functions of SIM’s UV,
vis1, and NIR channels (top subpanels). Bottom subpanels: solar ratios
of the convolved solar data over SIM. Mean ratio of UV/vis/IR spectra
to SIM data is given in Table 2.
the same at 1000 nm. Our results confirm the findings in Skupin
et al. (2005a,b) on the UV degradation of the WLS and the over-
all increase of the WLS output that seems to slightly overcorrect
the SCIAMACHY data in the UV.
Fig. 6. SCIAMACHY with (red) and without (blue) WLS corrections,
SUSIM (pink) and SIM (tan) at their native spectral resolution and af-
ter convolving using SIM’s ESR instrument function (top subpanel).
Bottom subpanel: solar ratios with respect to SIM after convolution.
Mean ratio of UV-vis-IR spectra to SIM data is given in second and
third columns of Table 3.
Table 2. Mean ratio of UV/vis/IR Solar Spectra to SIM as shown in
bottom subpanels of Fig. 5.
Spectral region UV vis IR
220–310 nm 410–700 nm 800–1600 nm
Reference spectrum SIM SIM SIM
SUSIM/UARS 0.997± 0.081
SCIAMACHY 0.881± 0.059 0.952± 0.054 1.003± 0.030
SCIAMACHY
WLS corr 1.074± 0.069 1.027± 0.036 0.999± 0.029
SIM 1.000± 0.000 1.000± 0.000 1.000± 0.000
In Fig. 7, a comparison to the SOLSPEC/ATLAS-3 compos-
ite spectrum is shown. SCIAMACHY shows a bias of 5% and
lower except for the channel boundary near 1000 nm. SIM with
bias correction agrees to within 4% above 500 nm. At about
750–850 nm, SCIAMACHY shows a small bump. As already
pointed out in Pagaran et al. (2009), this bump may be attributed
to the aluminum coating of optical elements somewhere along
the focal plane. The Wehrli composite shows anomalous dips
near 340 nm, 940 nm, 1900 nm, and around 2200–2300 nm,
which are most likely telluric absorption features or perhaps
due to concatenation process used to join the four datasets as
reported by Gueymard (2004).
Convolution of spectra to SIM is appropriate when spectral
resolution of spectra are not close to that of SIM. Figures 5–7
shows the extent of SSI in UV regions. Noticeable feature in
these figures is the high frequency structure in UV. In this region,
the spectral resolution of SIM is about 1.0 nm, which is compa-
rable to SUSIM at 1.1 nm. The comparable spectral resolution
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Fig. 7. Ratios of SCIAMACHY (blue), PMOD/WRC (green), and SIM
(red) with respect to SOLSPEC/ATLAS-3 (gray) in the visible and NIR.
All data have been convolved with SIM’s ESR instrument function.
Mean ratio of UV-vis-IR spectra to SOLSPEC/ATLAS-3 is given in
fourth column of Table 3.
Table 3. Mean ratio of UV/vis/IR Solar Spectra to SIM and
SOLSPEC/ATLAS-3 as shown in bottom subpanels of Fig. 6 and in
Fig. 7.
Spectral UV vis-IR UV-vis-IR
region 220–400 nm 400–1600 nm 300–1700 nm
Reference SOLSPEC/
spectrum SIM SIM ATLAS-3
SUSIM/UARS 0.989± 0.060
SCIAMACHY 0.912± 0.040 0.993± 0.026 0.995± 0.054
SCIAMACHY
WLS corr 1.069± 0.054 0.999± 0.021
SIM 1.000± 0.000 1.000± 0.000 0.982± 0.040
SOLSPEC/
ATLAS-3 1.000± 0.000
coupled with significant uncertainty in wavelength assignment
(Woods et al. 1996) and perhaps also due to undersampling and
scattered light may have altogether caused this structure. Also
optical elements of SUSIM (Floyd 1999) may have degraded af-
ter 11 years of operation and exposure to hard UV radiation in
space.
3.2. Timeseries comparison of SSI
Here we consider timeseries of measurements from the two in-
struments and investigate the changes of measured irradiances
due to short term solar activity. For this investigation, we se-
lected a period that covers several solar rotations, in particular,
from July 3 to August 21, 2004.
In addition to SIM and SCIAMACHY observations, SPM
aboard VIRGO/SOHO data are available that covers three small
5–7 nm wide spectral bands in the UV-vis-NIR spectral region.
Top subpanels (right to left) of Fig. 8 show VIRGO/SPM Red,
Green, and Blue instrument profiles, respectively. Instead of ar-
tificially extending Red and Green filters to accommodate more
points in the wavelength bands like Unruh et al. (2008) did in
their analysis, we interpolate the SSI data to the wavelength bin
of the filters. The resulting SSI data are shown in bottom sub-
panels of Fig. 8. Due to this, we may have the same eﬀect of
widening the filters range used in Unruh et al. (2008).
In bottom panels of Fig. 8, it is evident that the high reso-
lution of SCIAMACHY is able to resolve solar absorption fea-
tures. Among them, Ca ii doublet at 393.4 and 396.8 nm in UV
(left); bunch of lines: e.g., He i at 492 and 502 nm, Ba ii at
493 nm and Fe i at 495.8 nm in vis (middle); two of the Ca ii
triplet at 854.2 and 866.2 nm (849.8 nm not shown) in NIR
(right).
Using a five-point Newton-Cotes integration, we integrated
the area under the curves covered by SIM and SCIAMACHY
Fig. 8. Top subpanels show Red (right), Green (center), and Blue
(left) bandpass filters of SPM/VIRGO. Bottom subpanels show spec-
tra from SIM (brown), uncorrected (green) and WLS corrected (blue)
SCIAMACHY at their native spectral resolution.
SSI data over the wavelength range of the SPM filters. Taking
fractional diﬀerence to July 14, 2004 in all SSI data, the result-
ing time series are shown in Fig. 9. In addition, TSI data from
PMOD/WRC (daily) and TIM/SORCE (every six hours) are
also plotted. We confirm the overall good agreement found by
Unruh et al. (2008) between VIRGO/SOHO and SIM/SORCE.
In all channels and in the narrow time interval considered, we
did not observe any further enhancements due to brightening
of faculae near the limb that was seen by Unruh et al. (2008)
during June 20–24, 2004. Comparison between VIRGO/SOHO
and SCIAMACHY/ENVISAT (both uncorrected and WLS cor-
rected) shows good agreement in Red filter especially from 3 to
29 of July 2004. In Green and Blue filters, SCIAMACHY repro-
duces the pattern of rise and fall due to solar activity but a small
bias on the order of 0.1% and a small trend in the SCIAMACHY
data is evident.
Comparison of SSI data to TSI from PMOD/WRC and
TIM/SORCE, shows that in general behavior of TSI is similar
in all three filters. However, a closer look at the July 22, 2004
sunspot depression shows that sunspot minima of SSI data are
deeper in Blue (about a factor of 2) than in Green (about a factor
of 1.5) if compared to the sunspot minima of TSI data. In Red,
there is a reversed behaviour where sunspot minima of TSI data
are deeper by about 10% than SSI data.
3.3. Comparison of integrated SSI
In Harder et al. (2005c) and Rottman (2006), for example, time
series of SIM irradiance at selected wavelength points (430 nm,
656 nm, 857 nm, and 1000 nm) were compared to TSI. Unruh
et al. (2008) integrated SIM from 220 to 1660 nm and com-
pared to TSI and to integrated SSI from the SATIRE model.
Meanwhile, in Harder et al. (2008), integrated SSI from SIM
have been computed at various wavelength ranges; but they were
not compared to TSI.
We integrate SSI data measured by the three instruments on
April 21, 2004 using following wavelength intervals: 10 nm,
50 nm, and 100 nm, broad bands in the UV (240–310 nm),
vis (400–700 nm), and NIR (700–1600 nm), respectively. The
integrated SSI areas are provided in Tables 4–6. Overall, un-
corrected SCIAMACHY (WLS-corrected) tends to show low
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Fig. 9. SSI time series comparison. Shown are hourly SPM data (or-
ange dots), 6-hourly SIM (brown ×), daily SCIAMACHY (green +),
and WLS corrected SCIAMACHY spectra (blue dots) at Red (bottom
panel), Green (middle panel), and Blue (top panel) filters of SPM. All
data are shown with respect to data from July 14, 2004. Daily spec-
tra from SIM and SCIAMACHY are convolved to SPM RGB bandpass
filters.
bias (high bias) compared to SUSIM in UV and SIM in UV-
vis-NIR. In general, areas from SIM are intermediate between
WLS-corrected and uncorrected SCIAMACHY in UV-vis-NIR,
and SUSIM in UV indicating again that WLS correction are too
strong due to starting optical degradation of WLS. In 2004, the
WLS correction still generally improves the present comparison
particularly in those bands that include SCIAMACHY channel
boundaries as indicated by bold typeface entries in Tables 4–6.
By considering the same time period in July and August
2004 as above, we integrate SSI at selected spectral regions,
namely UV, vis, NIR, and entire UV/vis-NIR regions corre-
sponding to 240–400 nm, 400–700 nm, 700–1600 nm, and 240–
1600 nm, respectively. The vis interval coincides to one of the
intervals considered by Harder et al. (2008). The UV/vis-NIR
interval almost coincides with the wavelength coverage consid-
ered by Unruh et al. (2008), which was from 220–1660 nm.
Our starting wavelength range at 240 nm is restricted by the
SCIAMACHY wavelength range. The time period, on the other
hand, covers a subset used by Unruh et al. (2008), i.e., last month
of their time period with 21 additional days in August 2004.
Table 4. Integrated solar irradiance in units of W m−2 at 10-nm wave-
length intervals in UV spectral region (240–310 nm).
Integrated UV SSI [W m−2]
Instrument SUSIM SCIAMACHY SIM
λ-interval [nm] uncorr WLS-corr
240–250∗ 0.56 0.48 0.61 0.54
250–260 0.80 0.74 0.92 0.80
260–270 1.93 1.81 2.21 2.01
270–280 1.71 1.82 2.17 1.99
280–290 2.81 2.64 3.11 3.02
290–300 5.21 4.89 5.65 5.61
300–310 5.69 5.34 5.99 5.86
total area [W m−2] 18.71 17.72 20.67 19.84
Notes. We use solar spectra measured by the three instruments on
April 21, 2004. Wavelength interval with ∗ denotes interval contain-
ing SCIAMACHY channel boundaries.
Table 5. Same as Table 4 except at 50-nm wavelength intervals in vis
spectral region (400–700 nm).
Integrated vis SSI [W m−2]
Instrument SCIAMACHY SIM
λ-interval [nm] uncorr WLS-corr
400–450∗ 85.45 88.01 88.14
450–500 98.84 100.98 101.66
500–550 93.72 94.23 95.10
550–600 92.51 91.15 91.43
600–650∗ 84.19 83.66 82.95
650–700 75.68 75.58 74.45
total area [W m−2] 530.38 533.61 533.71
Table 6. Same as Tables 4, 5 except at 100-nm wavelength intervals in
NIR spectral region (700–1600 nm).
Integrated NIR SSI [W m−2]
Instrument SCIAMACHY SIM
λ-interval [nm] uncorr WLS-corr
700–800∗ 130.18 128.80 125.50
800–900 103.11 103.33 99.82
900–1000 83.45 83.70 81.63
1000–1100 66.72 66.62 66.88
1100–1200 54.49 54.37 54.82
1200–1300 45.68 45.50 45.76
1300–1400 37.79 37.65 38.78
1400–1500 31.84 31.82 32.73
1500–1600 26.57 26.51 27.78
total area [W m−2] 579.82 578.30 573.71
Figure 10 shows integrated SSI time series at these selected
spectral regions as changes with respect to July 14, 2004, along
with variations in TSI. The overall variability is in agreement
with integrated SSI from SIM over the same wavelength range.
In the 240–1600 nm band (bottom panel) TSI time series closely
agree with integrated SSI. This suggests that spectral regions
shorter than 240 nm and longer than 1600 nm contribute very lit-
tle to TSI. A closer look at the solar rotation minima, integrated
SSI in the visible range are deeper than TSI, while in the NIR
they appear shallower and over the entire UV/vis-NIR (almost
agree) with TSI. Depending on wavelength contributions from
both sunspot darkening and faculae brightening compete with
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Fig. 10. Integrated SSI time series comparison. Shown in this figure
from top to bottom panels are time series of SSI integrated over vis
(400–700 nm), NIR (700–1600 nm), and entire UV/vis-NIR (240–
1600 nm) spectral regions, respectively.
diﬀerent magnitudes. Integrated SSI time series seem to appear
slightly ahead in time relative to TSI. This is obviously the case
in the visible (top panel) and NIR (middle panel) spectral range.
This can be attributed to active region transiting the solar disk,
i.e., sunspot moving towards the disk-center (vis-IR depleting)
and faculae approaching the limb (UV enhancing) during de-
scending and ascending phases, respectively. The active region
and their spectrally dependent enhancing or depleting eﬀects
compensate each other when integrating over 240 to 1600 nm.
Finally, the TSI time series appear to have slightly more neg-
ative trends than the integrated SSI time series in all spectral
regions (vis, IR, and UV-vis-IR). Whether this is in agreement
with results in Fröhlich (2009) that during solar cycle 23 TSI
has generally a stronger downward trend than SSI in the visible
and IR remains an open issue.
4. Discussion and conclusion
Measurements in the spectral regions UV, vis, NIR, and
integrated over UV-vis-NIR range from SCIAMACHY and
SIM spectrometers are compared to selected reference spectra
from ground-based measurements (Kitt Peak or new Kurucz),
high-altitude balloons (Hall and Anderson, Neckel and Labs,
and Wehrli composite); and from space-borne measurements
(SOLSPEC/ATLAS-3 composites, and SUSIM/UARS).
Figures 3 and 7 show comparisons of SCIAMACHY and
SIM with balloon data from Hall & Anderson, Kitt-Peak FTS
data, and Wehrli composite. Overall, the agreement to these ref-
erence data is quite good and generally within 4% across the UV
and visible. These reference spectra were taken inside the Earth’s
atmosphere so telluric contributions limit the range to 300–
900 nm. They and their composites (e.g., Wehrli composite) may
still contain atmospheric interferences such as strong absorption
bands by oxygen dimer, ozone, water vapor, carbon dioxide and
other gases that may lead to larger diﬀerences but still remain
within 4% of space SSI. There is also an issue on how well
the conversion from original disk-center radiance, where most of
these reference spectra are obtained, to disk-average irradiance,
as usually measured from space, is achieved. This conversion is
performed by applying some empirical spectral corrections such
as spatially inhomogenous solar surface with limb-darkening ef-
fects (Gueymard 2004, 2006).
The intercomparison between SIM and SCIAMACHY as
shown in Figs. 5 and 6 shows that SCIAMACHY underestimates
SIM and SUSIM by up to 10% in the UV below 300 nm. The
WLS correction of the SCIAMACHY data on the other hand
leads to an overestimation which shows that the optical degra-
dation of the WLS leads to a too strong SSI degradation cor-
rection. In the visible-NIR region SCIAMACHY and SIM agree
to better than 4%. The WLS correction leads to a better agree-
ment near 600 m, at the end of SCIAMACHY channel 4 and
begin of channel 5. Near the boundary of Channels 5 and 6 near
1000 nm no improvement is achieved by applying the WLS cor-
rection. Similar results are obtained in the comparisons to the
SOLSPEC/ATLAS-3 composite as shown in Fig. 7. The bias
corrected SIM spectra show very good agreement to within 2%
with the SOLSPEC/ATLAS-3 composite over the entire wave-
length region up to 2400 nm. Up to 1700 nm SCIAMACHY
agrees with the SOLSPEC/ATLAS-3 composite to within 3%.
Integrated SSI at distinct wavelength intervals in UV (over
10 nm), vis (over 50 nm), and NIR (over 100 nm) from the two
spectrometers are also compared (Tables 4–6). For wavelength
intervals covered by two adjacent channels in SCIAMACHY,
the WLS corrected SCIAMACHY data agree better with SUSIM
and SIM than the uncorrected data. For longer periods covering
few 27-day solar rotations in 2004 we also compared SSI time
series from the two spectrometers to RGB filters in SPM VIRGO
(see Fig. 9) and to TSI time series from PMOD/WRC composite
and from TIM/SORCE (see Figs. 9 and 10). Both SCIAMACHY
and SIM track each other well over several solar rotations. In
the visible and near IR the SSI changes are in sync with the
TSI. This is expected since vis-IR is dominated by contributions
from sunspots that darkens in contrast to brightening of faculae.
Agreement between SIM and SPM/VIRGO is very good, while
agreement with SCIAMACHY is slightly worse. In the visible
the SSI solar rotational minima are deeper in the visible com-
pared to TSI and shallower in the NIR. From Fig. 10 it is also
evident that the SSI time series slightly lags the TSI time series
in the visible and NIR due to sunspot moving towards the disk-
center (vis-IR depleting) and faculae approaching the limb (UV
enhancing) during descending and ascending phases in the solar
rotation cycle.
With SCIAMACHY and SIM now operating for several
years, our knowledge in SSI variability is beginning to be reli-
ably quantified in the vis-IR. Intercomparisons as presented are
important to assess the quality of continuity and homogeneity of
SSI datasets from diﬀerent spectrometers.
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Appendix A: Description of instruments
In this appendix, we provide additional information on the two
spectrometers. We provide simplified block diagram showing the
optical path involved in measuring solar light and in calibrating
the optical elements. Also, a summary of the instrumental pa-
rameters is given for each spectrometer.
A.1. Instrumental parameters and optical paths
Figure A.1 shows schematically the optical paths of
the SCIAMACHY and SIM spectrometers, respectively.
Instrumental parameters are summarized in Tables A.1 and A.2.
A.2. In-flight calibration mechanisms
SCIAMACHY’s in-flight calibration.For in-flight calibration,
SCIAMACHY has two internal light sources. These sources are
a PtCrNe-hollow cathode lamp as spectral light source (SLS),
and a 5 Watt quartz-tungsten-halogen lamp as a white light
source (WLS), for wavelength and etalon calibration, respec-
tively. Both lamps can be observed only with the ESM mirror
or ESM diﬀuser in the nadir optical path (cf. Fig. A.2).
Due to lack of SLS lines in channels 7 and 8 (>1700 nm),
only Channels 1 to 6 are covered by the in-flight wavelength cali-
bration. As shown in Bovensmann et al. (2002), SCIAMACHY’s
wavelength calibration is stable to within 0.02 nm.
In-flight WLS radiometric calibration is used to correct
pixel- (e.g., pixel-to-pixel gain) and wavelength-dependent (e.g.,
etalon) eﬀects including temperature dependent quantum eﬃ-
ciency of detectors and throughput changes of optical bench
module components. Like the assumption made in SLS, small
(first order, i.e., linear) changes between on-ground and in-flight
are presumed; these changes are given by the ratio between dark
signal corrected on-ground and in-flight WLS measurements.
The WLS lamps are not radiometrically calibrated, however,
changes between on-ground and in-flight WLS measurements
can be compared to solar irradiance changes with respect to the
start of the mission to track optical degradation changes with
time. However, WLS also suﬀers from optical degradation that
is accelerating more strongly than the ESM diﬀuser solar irradi-
ances and can, therefore, not be used for degradation monitoring
beyond year 2004.
Figure A.3 shows an example for a wavelength dependent
degradation correction based upon WLS ratios. It is assumed that
7 http://www.issibern.ch/teams/solarspect/
8 http://www.iap-kborn.de/CAWSES-Projekt-SOLOZON.373.
0.html
Fig. A.1. Simplified block diagrams of SCIAMACHY (top) and SIM
(bottom) spectrometers. External (internal) light source such as the sun
(calibration lamps) are indicated on the left-hand-side. Detectors, i.e.,
photodiodes, which convert light to electronic signals, are indicated in
the right-hand-side. For summary of SCIAMACHY and SIM instru-
mental parameters, see Tables A.1 and A.2, respectively.
Fig. A.2. Schematic view of SCIAMACHY monitoring light paths.
SCIAMACHY has three light paths used for scientific measurements,
namely: the calibration (ASM mirror and ESM diﬀuser), limb (ASM
mirror and ESM mirror), and nadir (ESM mirror). Shown also are in-
ternal light sources, namely: white light (WLS) and spectral line (SLS)
sources for in-flight irradiance and wavelength calibration purposes, re-
spectively (cf. Sect. A.2). Source: Modified Figs. 5, 6 of Gottwald et al.
(2006).
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Table A.1. Summary of SCIAMACHY instrumental parameters.
Instrument SCIAMACHYa
spectrometer type multi-channel grating
Platform ENVISATb
Agency ESA
Launch date March 1, 2002
Operation 2002-present
IFOV 0.045◦ × 1.8◦
Wavelength range (214) 240–1750 nm, 1940–2040 and 2265–2380 nm
Spectral resolution 0.2—1.48 nm
Solid state devices Si (Channels 1–5), InGaAs (Channels 6–8)
Mass 198 kg
Power 122 W
Data rate 400–1900 kbps (mode-dependent)
Special modes nadir, limb, and solar-occultation
Preflight calibration NIST cryogenic radiometer
Inflight calibration white light (WLS), and spectral line (SLS) sources
Heritage GOME/ERS-2
References Bovensmann et al. (1999); Gottwald et al. (2006)
Notes. (a) SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY. (b) Environmental Satellite.
Table A.2. Summary of SIM instrumental parameters.
Instrument SIMa
spectrometer type dual Fèry prism
Platform SORCEb
Agency NASA
Launch date January 25, 2003
Operation 2003-present
IFOV 1.7◦ × 2.5◦
Wavelength range 300–2400 nm
Spectral resolution 0.25–33 nm
Solid state devices ESR, InGaAs
Mass 22 kg
Power 25 W
Data rate 0.65 Mbps
Special modes ESR, photodiode fast scan, fixed wavelength, NIR scan
Preflight calibration Component unit level test + NIST cryogenic radiometer
Inflight calibration Prism transmission cal + redundant channel comparison
Heritage new but developed to replace and extend SOLSTICE/UARS
References Harder et al. (2000, 2005a,b)
Notes. (a) Spectral Irradiance Monitor. (b) SOlar Radiation and Climate Experiment.
the change with respect to preflight conditions can be expressed
by the ratios of two Planck curves as follows
rWLS = a
B(λ, Tpreflight + ΔT )
B(λ, Tpreflight) , (A.1)
where a and ΔT are fitting parameters. In space a change in lamp
temperature (ΔT ) from preflight conditions has to be accounted
for. The fitting parameters are derived from fits to part of the
WLS ratios marked red (spectral channels 4 to 6) in Fig. A.3,
where optical degradation is smallest. The diﬀerence between
the fitted WLS ratio to the observed one yields the SSI degrada-
tion curve.
SIM’s in-flight calibration.SIM employs a two spectrometer
comparison technique to track long-term degradation, a detailed
description of this degradation method can be found in the auxil-
lary material to Harder et al. (2009). Changes in prism transmis-
sion are initiated by long term exposure of prism from ionizing
radiation, where either the radiation degrades the prism glass or
a thin film of organic material accumulates on the surface.
SIM maintains its wavelength scale through a precision
prism drive that has a wavelength error of about 150 ppm de-
pending on wavelength. Through a separate optical path, the
wavelength precision is achieved by implementing a closed loop
wavelength drive system: (1) a voice coil actuated turntable to
rotate the prism and (2) a charged coupled device (CCD) linear
array in the spectrometer’s focal plane to detect the prism rota-
tion angle. The basic principle is based on the following. As the
prism rotates, the image spot moves along the length of the CCD
giving the angle of rotation and therefore the wavelength of light
going through each of the detector’s exit slits.
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Fig. A.3. SCIAMACHY WLS ratios with respect to preflight condi-
tions. Black curve shows the ratio of WLS spectra measured in April
27, 2004, with respect to a spectrum measured before launch. A ratio of
two Planck curves with diﬀerent temperatures accounting for changes
in lamp temperatures in space is fitted in Channel 4 to 6 (see red marked
lines) to obtain a theoretical WLS ratio (green curve). The diﬀerence of
the fitted WLS ratio to the observed one yields the SSI degradation fac-
tor for April 2004 (orange line).
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Chapter 4
The SCIA proxy model
4.1 Introduction and Motivation
Regular monitoring of the total irradiance from space that started in 1978 has shown
that the solar constant varies about 0.003% and 0.015% in minutes, 0.2% in months,
and 0.08–0.1% between minimum and maximum of an 11-year solar cycle [Rottman
et al., 2004; Fro¨hlich and Lean, 2004a]. The solar constant is defined as the total
flux over the entire electromagnetic spectrum from the very short-wavelength gamma-
ray, X-ray, to ultraviolet (UV), visible (vis), infrared (IR), and very long-wavelength radio
waves at 1 AU sun-Earth mean distance. The bulk of the solar constant originates from
the vis-IR spectral region. In terms of the 11-year variability of the solar constant, it is
not clear whether the UV or the vis-IR spectral region contributes the most. Because
of the importance to climate aspects and solar physics, the contribution from these
spectral regions to the solar constant needs to be investigated and understood.
In particular, how much does the 300–400 nm spectral region, the UVA region, con-
tributes to the TSI variation. The UVA solar irradiance has been measured from satel-
lites. Its contribution to TSI variability during the solar cycle ranges from 18% [Lean
et al., 1997] based on Nimbus 7 and SOLSTICE-I (Solar Stellar Irradiance Comparison
Experiment) on-board UARS (Upper Atmosphere Research Satellite) to 36% [Krivova
et al., 2006] based on data from SOLSTICE-I and SUSIM (Solar Ultraviolet Spectral
Irradiance Monitor) also on-board UARS. The UV contribution to TSI variability based
on the observations of SUSIM (Solar Ultraviolet Spectral Irradiance Monitor) is different
from the recent observations from SIM (Spectral Irradiance Monitor) on-board SORCE
(Solar Radiation and Climate Experiment) during the descending phase of solar cycle
23. For example, the 200–400 nm from UARS yields 0.1 W m−2 [Lean et al., 1997] con-
tribution to TSI variability as compared to the SIM with 1 W m−2 [Harder et al., 2009].
In the interval from 100 to 400 nm, the UV contribution to TSI solar cycle variations is
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between 30% and 60%. As part of this thesis can SCIAMACHY provide an additional
significant estimate of the UV contribution to TSI variation. And if so, how much?
Moreover, a further important issue is the nature of variability in the infrared region.
Foukal et al. [1988, 1989] and Moran et al. [1992] have reported on the existence of the
dark faculae at the opacity minimum (∼ 1555 nm). Dark faculae represent layers of hot
plasma that is optically thick if observed in the visible, but optically thin in IR. Whether
these faculae are dark in IR requires SSI observations that cover the 1400 and 1600
nm spectral region. Figure 10 of Unruh et al. [2008] and Figure 2 of Unruh et al.
[2000] indicate negative contribution to SSI variation. In this respect, can SCIAMACHY
observe the dark faculae?
The two questions have not yet been satisfactorily addressed because observations
(above 400 nm and up to 1600 nm) have only become available recently. Daily solar
observations that not only cover UV but also extend up to the SWIR spectral regions
from SCIAMACHY aboard ENVISAT have become available since August 2002. Con-
tinuous observations were then made with interruptions for short periods for ice decon-
tamination of the near-IR detectors (detector warmings) and during ENVISAT platform
or SCIAMACHY instrument anomalies, and for other maintenance activities. These in-
terruptions can cause small artifacts in the solar irradiance timeseries. To obtain the
estimate of UV and vis-IR variation and to address the nature of the dark faculae from
SCIAMACHY the so-called proxy-based parameterization scheme that has been de-
scribed by Lean et al. [1997, 2000, 2005] is used.
In the following sections, the objective, method, results, and my contributions to Pub-
lished Manuscript II are briefly summarized. With kind permission from the publisher,
The American Astronomical Society (AAS), Published Manuscript II is then reproduced
in full at the end of this chapter as published in The Astrophysical Journal.
4.2 Objective
The objective of the study, reported in Published Manuscript II, is to parametrize se-
lected daily UV-vis-IR solar spectral irradiance timeseries from SCIAMACHY, using ap-
propriate solar proxies and appropriate corrections for instrument anomalies and optical
degradation (cf. Section 2.6.1). Solar proxies describe the surface magnetic activity that
is believed to contribute most significantly to SSI variability from 27-day solar rotational
to 11-year solar cycle timescales [Fligge et al., 1998]. From this parametrization, we
address the questions: how much UV variability in the 300–400 nm spectral region con-
tribute to TSI variability, and what is the nature of the dark faculae in the 1400 to 1600
nm spectral region? The parametrization includes correction terms for degradation and
small instrumental jumps in the spectral irradiance time series.
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4.3 Method
SCIAMACHY measurements covering several solar rotations are selected for investi-
gation. These time series comprise daily SCIAMACHY measurements that are avail-
able in 2003–2004 in the early SCIAMACHY mission period; during this time the optical
degradation of SCIAMACHY is still at a minimum. These time series are modeled using
solar proxies accounting for sunspot darkening (photometric sunspot index or PSI) and
faculae brightening (Mg II index), cf. Figure 4.1. In addition, separate low-order polyno-
mials are fitted for each unperturbed observations period without instrument anomalies.
The proxies and the polynomials provide the model coefficients and the fitted model is
referred to as the SCIA proxy model.
To illustrate the parametrization applied to SCIAMACHY measurements, the following
procedures are carried out. The first and second procedures involve dividing daily spec-
tra into wavelength intervals and dividing each wavelength interval into time segments,
respectively.
1.) Daily SCIAMACHY solar measurements (240–1750 nm) are divided into 143
wavelength intervals, each 10 nm wide.
2.) Time series for every wavelength interval is decomposed into three terms
Iλ(t) = aλ Pa(t) + bλ Pb(t) + pλ(t), (4.1)
where Pa(t) and Pb(t) are Mg II index and PSI time series, respectively. The
last term, pλ(t), is a low-order polynomial that is added to describe the long-term
changes of the instrument (degradation) or any other irregularities in the data.
Separate polynomials are fitted for each period between two decontaminations or
between periods without any other instrument anomalies.
4.4 Results
The daily UV-vis-IR solar spectral irradiance measurements from SCIAMACHY are
successfully parameterized using appropriate solar proxies, describing surface mag-
netic activity, to quantify SSI variability on 27-day solar rotational up to 11-year cycle
timescales. Variations on solar rotation timescales are about the same order as solar
cycle changes.
The contributions of faculae and sunspots on the SSI variability during the 11 year
solar cycle for the entire UV-vis-IR spectral range are estimated. Below 400 nm, the
dominant contribution during solar maximum comes from the faculae brightening, while
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FIGURE 4.1: Step-by-step filtering of SCIAMACHY irradiance data and parameteriza-
tion of short-term SSI variations in the sample 310–320 nm interval. Top panel (a):
Calibrated SCIAMACHY irradiance time series without filtering and without degrada-
tion correction. Second panel (b): SCIAMACHY irradiance with data during instrument
anomalies and few days before and after removed. Third panel (c): SCIAMACHY time
series with additional outliers removed by visual inspection. Bottom panel (d) shows
data and fit results as irradiance ratios (solar irradiance divided by the retrieved poly-
nomial). More details in Figure 4 of Published Manuscript II.
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the visible region shows effects from sunspots, but overall changes beyond 300 nm
over a solar cycle are slightly positive, i.e., well below 0.5%.
The spectral region 1400–1600 nm containing the dark faculae effect (near opacity
H− minimum) shows that both sunspot and faculae contributions are negative. This is
consistent with observed dark faculae [Foukal et al., 1988, 1989; Moran et al., 1992].
The negative contribution arising from the dark faculae reproduces and confirms results
from SIM, as recently reported by Harder et al. [2008, 2009], contrary to a previous re-
port (based also on SIM data) by Fontenla et al. [2004]. Like our SCIA proxy model, the
SATIRE model also underestimated observations near 1550 nm, while good agreement
is found at 1060 nm.
FIGURE 4.2: Derived scaling factors for faculae brightening aλ and sunspot darkening
bλ in the top and bottom panels, respectively, and their respective fitting errors at a 2σ
level. Adapted from Figure 9 of Published Manuscript II.
Scaling parameters for solar proxies are derived from SCIAMACHY observations dur-
ing the 2003, 2004, and two year period 2003–2004. See Figure 4.2 showing the
derived scaling parameters. This figure shows that parameters derived from 2003 and
2003–2004 agree very well with one another, showing that the obtained parameters
are statistically robust enough for reconstructing past spectral irradiances. Having de-
rived these parameters, SCIAMACHY observations during the Halloween solar storm
2003 can be decomposed easily in terms of brightening faculae and sunspot darkening
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components, cf. Figure 4.3. The shape of the curves (combined faculae and sunspot
contributions and SCIAMACHY measurements) is in qualitative agreement with Figure
6 in Lean et al. [2005].
FIGURE 4.3: Modeled and observed solar irradiance change from SCIAMACHY during
the Halloween storm event in 2003 including facular and sunspot contributions. The
inset shows the Mg II and PSI index with labels A and B indicating dates from which
irradiance difference was calculated. From Figure 10 of Published Manuscript II.
SIM observations are found to agree well with SCIAMACHY in the visible region, how-
ever, SCIAMACHY near-IR data are quite noisy. In the latter spectral regions, SCIA-
MACHY residuals are on the order of 1.5 per mill. Also shown in this figure are SCIA
proxy model fit and SRPM+PSPT image model or simply SRPM results [Fontenla et al.,
1999, 2004]. Differences between models and observations indicate some potential
deficiencies in models. For instance, the quality of solar Ca II K images and the lack
of a description of penumbras and pores may impact SRPM model results [Fontenla
et al., 2004]. The SCIA proxy cannot adequately describe the irradiance enhancement,
suggesting overestimation of sunspot contribution [Fro¨hlich et al., 1994]. Nevertheless,
the combined contributions from faculae and sunspots give the high level of quality in
reproducing observed irradiance variability over several solar rotation timescales.
One of the fundamental question with respect to our understanding irradiance variability
is how much variability in the 300–400 nm region contributes to TSI variability [Domingo
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FIGURE 4.4: Comparison of SIM and SCIAMACHY irradiance variations with SCIA
proxy model and SRPM model from Fontenla et al. [2004]. From Figure 11 of Published
Manuscript II.
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et al., 2009; Lockwood, 2010]. In the 300–400 nm region a contribution of 34% is
derived from SCIAMACHY observations, which is somewhat lower than the reported
values from SUSIM satellite data and the empirical SATIRE model [Krivova et al., 2006].
The total UV contribution (below 400 nm) to TSI solar cycle variations is estimated in
this work to be 55%.
TABLE 4.1: UV irradiance Variation between Solar Maximum and Minimum of Solar
Cycle 23 in 300–400 nm interval.
λ [nm] Fλ/Ftot [%] ∆Fλ/∆Ftot[%]
SCIA proxy SUSIM SATIRE
Observations Model
300–400 6.7 34.2 38.3 41.8
Notes. Column (1) lists the wavelength intervals; Column (2) the percent contri-
bution of spectral irradiance interval, Fλ, to TSI, Ftot. Columns (3)-(5) are cor-
responding percentage contributions of spectral irradiance change, ∆Fλ, in each
wavelength interval with respect to solar cycle changes in TSI, ∆Ftot. In Column
(3) are the SCIA proxy results, Columns (4) and (5) are the results from the SUSIM
and SATIRE models, respectively, both taken from Krivova et al. [2006]. The TSI
change, ∆Ftot, during solar cycle 23 was 0.134 W/m2. Adapted from Table 2 of
Published Manuscript II.
As SSI time series covering vis and near-IR region have only become recently available
with satellite observations from SIM and SCIAMACHY, investigations of solar rotations
using the entire spectral range from the UV to IR are for the first time available [Fontenla
et al., 2004; Harder et al., 2005c; Unruh et al., 2008; Pagaran et al., 2009].
4.5 Contributions from J. P. to Published Manuscript II
In addition to drafting and revising the manuscript in response to comments from co-
authors and referee, J. P. performed all the data reduction and analysis, and interpreta-
tion of results. In addition, he also performed the following tasks.
• J. P. obtained and prepared solar proxies (Mg II core-to-wing and photometric
sunspot indices) that are used to parametrize SCIAMACHY irradiances. These
solar proxies are briefly described in Section 2.6.1, and in Published Manuscripts
II and III.
• J. P. prepared the SCIAMACHY data used for the study. For an overview on
the setting up of SCIAMACHY irradiance data, see Appendix A.2. The overview
describes the application of pixel mask, normalisation to 1 AU sun-Earth mean
distance, and conversion of irradiance units.
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• After putting daily SCIAMACHY solar spectra in several 10-nm bins from 240 to
1700 nm, J. P. performed a wavelength-by-wavelength linear regression analysis
to SCIAMACHY irradiance data for the 2003, 2004, and 2003–2004 timeseries.
For each 10-nm wavelength bin, J. P. identified and removed outliers by hand
by inspecting quality of residuals, defined time segments in each of the time-
series, and assigned appropriate polynomial degrees to each time segment. For
an overview of the algorithm, linear regression of SCIAMACHY irradiances, and
additional sample fits of parametrization, see Appendix B.1. With the close guid-
ance and support from M. W., the full development and implementation to what is
referred as SCIA proxy model is due to J. P.
• J. P. obtained and prepared other irradiance data, SRPM spectral synthesis;
SATIRE semi-empirical model and SUSIM measurements. These data are used
for comparing 27-day and 11-year reconstructed solar irradiance variability, re-
spectively. He also calculated error propagation from uncertainty in the linear
regression parameters, cf. Appendix B.2.
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ABSTRACT
The change of spectral decomposition of the total radiative output on various timescales of solar magnetic activity
is of large interest to terrestrial and solar–stellar atmosphere studies. Starting in 2002, SCIAMACHY was the first
satellite instrument to observe daily solar spectral irradiance (SSI) continuously from 230 nm (UV) to 1750 nm (near-
infrared; near-IR). In order to address the question of how much UV, visible (vis), and IR spectral regions change
on 27 day and 11 year timescales, we parameterize short-term SSI variations in terms of faculae brightening (Mg ii
index) and sunspot darkening (photometric sunspot index) proxies. Although spectral variations above 300 nm are
below 1% and, therefore, well below the accuracy of absolute radiometric calibration, relative accuracy for short-term
changes is shown to be in the per mill range. This enables us to derive short-term spectral irradiance variations from
the UV to the near-IR. During Halloween solar storm in 2003 with a record high sunspot area, we observe a reduction
of 0.3% in the near-IR to 0.5% in the vis and near-UV. This is consistent with a 0.4% reduction in total solar irradiance
(TSI). Over an entire 11 year solar cycle, SSI variability covering simultaneously the UV, vis, and IR spectral regions
have not been directly observed so far. Using variations of solar proxies over solar cycle 23, solar cycle spectral
variations have been estimated using scaling factors that best matched short-term variations of SCIAMACHY. In
the 300–400 nm region, which strongly contributes to TSI solar cycle change, a contribution of 34% is derived from
SCIAMACHY observations, which is lower than the reported values from SUSIM satellite data and the empirical
SATIRE model. The total UV contribution (below 400 nm) to TSI solar cycle variations is estimated to be 55%.
Key words: Sun: activity – Sun: faculae, plages – Sun: general – Sun: infrared – Sun: photosphere – sunspots –
Sun: UV radiation
Online-only material: color figure
1. INTRODUCTION
Solar spectral irradiance (SSI) variability up to decadal
timescales is an important physical quantity in stellar astro-
physics (e.g., Hudson 1988) and solar–terrestrial physics (Haigh
2007; Lean 1997). In stellar astrophysics UV, visible (vis), and
infrared (IR) spectral irradiances determine properties of the
solar-stellar atmosphere, its variability provides clues to mag-
netic activity on polarity reversal timescales (11 year Schwabe
activity cycle for our sun, e.g., Kuhn et al. 1999; Kuhn 2004;
Pipin & Kichatinov 2000) and on rotational timescales (Carring-
ton rotation for our sun, e.g., Hempelmann & Donahue 1997;
Hempelmann 2002, 2003) as indicated by the evolution and
passage of active regions that consist of dark features called
sunspots and small numerous bright points called faculae. Both
sun’s radiative output and particle flux are altered by emerging/
evolving and decaying active regions. They modify composi-
tion (chemistry) and dynamics (circulation) in the terrestrial
atmosphere, therefore, driving Earth’s weather and climate sys-
tem (Lean 1997; Lean & Rind 2001; Schmieder et al. 2004;
de Jager 2005; Basu & Pallamraju 2006; Foukal et al. 2006;
Haigh 2007). Atmospheric UV absorption by ozone determines
the atmospheric heating rates needed by chemistry transport
and climate models to describe solar influence on atmospheric
chemistry and dynamics (Matthes et al. 2004; Haigh 2007;
Nissen et al. 2007).
A detailed summary on solar variability can be found in
de Toma et al. (2004), Fro¨hlich & Lean (2004), and Bonnet
(2006). Among various periodicities, the 11 year solar cycle
is the most pronounced to affect current terrestrial stratospheric
ozone trends (Dhomse et al. 2006; Steinbrecht et al. 2004, 2006).
Different satellite platforms have established variations of total
solar irradiance, (TSI or “solar constant”) to vary between
0.003% and 0.015% in minutes, 0.2% in months, and 0.1%
over decades (Lang 2006; Fro¨hlich & Lean 2004; Foukal 2004;
Hufbauer 1991). Below 300 nm spectral measurements and their
variation are well established, however, it contributes only about
1% to the total solar irradiance and less than 20% to TSI variation
over a 11 year solar cycle (Rottman et al. 2004; Rottman 2006).
Most UV satellite instruments also cover the longwave or near-
UV region (UVA: 300–400 nm), where solar cycle variations
are below the long-term calibration uncertainty of current space
measurements (DeLand et al. 2004). Nevertheless, solar cycle
variation in the UVA has been measured from satellites, but
these measurements show a wide range of variation from 18%
(Lean et al. 1997) to 36% (Krivova et al. 2006) as derived from
SOLSTICE and SUSIM observations, respectively. Depending
on these numbers the total UV contribution (100–400 nm) to TSI
solar cycle variations lies somewhere between 30% and 60%.
Above 400 nm changes in solar spectral irradiance on 11 year
timescales have not been measured so far and are only available
from model estimates (Mitchell & Livingston 1991; Unruh et al.
1999; Krivova et al. 2006).
Regular and nearly daily UV spectral solar observations
from space are provided since the late 1970s (Floyd et al.
2004). Vis and near-infrared (near-IR) observations have been
rather sporadic and a summary of early vis and near-IR
solar spectral observations is provided by Thuillier et al.
(2004). Regular daily observations in the visible region up
1884Reproduced by permission of the AAS
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to 800 nm started with GOME in 1995 (Burrows et al.
1999; Weber et al. 1998). Since 2002 SCIAMACHY (Scan-
ning Imaging Absorption Spectrometer for Atmospheric CHar-
tographY) extends daily coverage continuously to 1750 nm
and with some gaps up to 2.4μ (Bovensmann et al. 1999;
Skupin et al. 2005a, 2005b). Since 2003, SIM (Harder et al.
2005a, 2005b) provides measurements in the vis and near-
IR without gaps up to 3μ at a lower spectral resolution than
SCIAMACHY. The data record from SCIAMACHY and SIM
are not sufficiently long to cover the complete optical range
over an entire solar cycle. Expected solar variability per wave-
length is well below 1% above 400 nm and are below absolute
radiometric calibration accuracy and long-term calibration sta-
bility, however, signal-to-noise ratio for SCIAMACHY (∼ 104)
is sufficiently high to reach sensitivity to solar changes in the
per mill level, at least for fairly short periods like over several
27 day solar rotation periods; this sensitivity is enhanced in or
near onset of solar cycle maximum.
In this paper, we estimate SSI variability due to the 11 year
solar cycle for the entire UV–vis–IR spectral range following
a similar proxy-based parameterization scheme as described
by Lean et al. (1997, 2000, 2005). Their scheme is based on
the assumption that SSI variability in the course of a solar
cycle is exclusively due to competing influences of two solar
surface features: faculae brightening and sunspot darkening.
These surface features evolve as magnetic flux changes (Fligge
et al. 2000). The magnetic contributions to irradiance variations
can be estimated using solar proxies, the Mg ii index for faculae
brightening, and the photometric sunspot index for sunspot
darkening.
After a brief presentation of solar data and proxies in
Sections 2 and 3, we describe in Section 4 how SCIAMACHY
measurements are carefully selected and how a simple irradiance
model, which we later simply refer to as the SCIA proxy model,
is fitted to derive the spectral dependence of scaling factors
for faculae brightening and sunspot darkening parameters. In
Section 5, results from fitting our simple empirical model across
the UV/vis and near-IR spectral range are discussed. The solar
cycle change of SSI is obtained by multiplying the derived
parameters to typical change of proxies between solar minimum
and solar maximum (Section 6). Our results are compared with
SUSIM satellite observations and the empirical solar model
SATIRE from Krivova et al. (2006) in the 240–400 nm region
during solar cycle 23. Section 7 provides a summary and
conclusions.
2. SCIAMACHY SOLAR MEASUREMENTS
SCIAMACHY, which stands for Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Chartography, is a UV, vis,
and near-IR double monochromator for trace gas observations in
our terrestrial atmosphere (Bovensmann et al. 1999; Slijkhuis
2005; Gottwald et al. 2006). It covers the wavelength region
from 212 nm to 2386 nm (2.4μ) in eight spectral channels
with some gaps in the near-IR where atmospheric water va-
por saturates (1.8–1.9μ and 2.0–2.2μ). The spectral resolution
is moderately high (with respect to most space borne sensors)
varying from 0.2μ (Channel 1: 212–334 nm) to 1.5μ (Channel
6: 971–1773 nm). Incoming light is pre-dispersed by a prism
and further dispersed by holographic diffraction gratings in each
of the eight channels. For the five short wavelength channels (up
to 1063 nm), EG&G Reticon diode arrays with 1024 detector
pixels are used, in the remaining three near-IR channels InGaAs
detectors with 1024 detector pixels each (Manufacturer EPI-
Figure 1. SCIAMACHY solar spectral irradiance measured on 2004 March
4. The eight channels (Channels 1 to 8) and their respective spectral coverage
(horizontal solid lines) are indicated above the spectrum. Between Channels 6,
7, and 8 are gaps due to terrestrial atmospheric water vapor. Some of the major
Fraunhofer lines are labeled.
TAXX, now owned by JDS Uniphase). For optimum detector
performance, a mixture of 53% Indium and 47% Gallium has
been epitaxially grown on the InP substrate. For longer wave-
lengths (detector pixels 794–1024 in Channel 6 and all pixels
in Channels 7–8) a mixture with a higher Indium content was
selected, however, this mixture has a reduced performance with
regard to dark current noise and number of usable detector pix-
els (Lichtenberg et al. 2006). The detectors are cooled with a
passive radiative cooler, Channels 1–6 down to about 200 K to
224 K, lower temperatures (∼150 K) are provided for Channel
7 and 8 detectors. Ice contamination on the near-IR detectors
in space strongly reduced optical throughput. After repeated
decontamination periods, where the detector was heated, the
throughput had improved but residual ice contaminations re-
mained. This is the main reason the spectral region above 1.6μ
has not been used in this study. Dead or bad pixels, mostly in
the near-IR channels, have been excluded as well.
The primary purpose of direct solar measurements is to sun-
normalize the backscattered light from the terrestrial atmo-
sphere, which to first order does not require absolute radio-
metric calibration. Different atmospheric viewing geometries
are available for SCIAMACHY including nadir viewing, limb,
and solar (lunar) occultation (Bovensmann et al. 1999). For
each viewing geometry different combinations of scan mirrors
(elevation and azimuth scan mirrors) and diffusers (mounted
on the back of each scan mirror) are used to observe the sun.
Only one light path is absolute radiometrically calibrated and
provides solar spectral irradiance in physical units from the full
solar disc. This path involves the Azimuth Scan Mirror (ASM)
and the diffuser mounted on the back of the Elevation Scan
Mirror (ESM diffuser). The diffuser scatters solar light into a
diffuse beam to illuminate the entrance slits evenly. Absolute
radiometric calibration has been carried out pre-flight using a
combination of spectralon/NASA sphere and FEL lamps. ESM
diffuser solar measurements are carried out in most cases once
a day. A measurement sequence lasts about 50 s from which
a mean solar spectrum is derived. A mean ESM diffuser so-
lar spectrum recorded with SCIAMACHY on 2004 March 4 is
shown in Figure 1. About 98% of the TSI (total solar irradiance,
solar constant) is covered by SCIAMACHY. Wavelengths are
calibrated using atomic lines from a Pt/Ne/Cr/Ar lamp that are
regularly measured in-flight (Bovensmann et al. 1999; Gottwald
et al. 2006).
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Daily solar observations with SCIAMACHY aboard
ENVISAT started in 2002 August. Continuous observations
were interrupted for short periods for ice decontamination of
the near-IR detectors (detector warmings) and during ENVISAT
platform or SCIAMACHY instrument anomalies, and for other
maintenance activities. These interruptions can cause small ar-
tifacts in the solar irradiance timeseries as will be discussed
later. No additional absolute radiometric calibrations are per-
formed in-flight, so that degradation from harmful UV space
radiation is not corrected. The spectrum shown in Figure 1 has
been degradation corrected using white light spectrum (WLS)
ratios observed regularly in-flight with SCIAMACHY. Since the
WLS is even optically degrading faster than the solar data, WLS
corrections were not used in our analysis reported here. During
night time of each orbit, dark current and straylight measure-
ments are performed and used to correct the detector signal
(Lichtenberg et al. 2006). Other important calibrations are the
memory effect (residual signal from the previous detector read-
out, UV–vis channels only), pixel-to-pixel gain, and nonlinearity
effect of the near-IR detectors. Most of these calibration param-
eters were determined pre-flight on ground (Lichtenberg et al.
2006).
In Skupin et al. (2005b), solar irradiance measured from
SCIAMACHY have been compared to solar data from SIM
(Harder et al. 2005a, 2005b) and SOLSPEC (Thuillier et al.
2004). The three spectra agree to within 3% for the entire
wavelength range, larger deviations of up to 5% were found
below 300 nm (Skupin et al. 2005a, 2005b). Except for Channels
7 and 8, no significant spectral degradation was observed
until 2004. From SCIAMACHY solar observations, the Mg ii
core-to-wing ratio at 280 nm has been derived (Skupin et al.
2005b). SCIAMACHY measurements complement the GOME
timeseries starting in 1995 (Weber 1999; Viereck et al. 2004). In
this study, the GOME/SCIAMACHY Mg ii index together with
multiple satellite data from Viereck et al. (2004) were combined
to serve as a faculae brightening proxy.
3. SOLAR PROXIES: FACULAE BRIGHTENING AND
SUNSPOT DARKENING
Faculae are enhanced emissions from bright magnetic field
elements in the chromosphere and are usually monitored using
faculae indices such as chromospheric flux ratios, e.g. the Mg ii
(280 nm) or Ca ii (394 nm) core-to-wing ratios (Weber et al.
1998). It has been shown that UV solar irradiance variability
correlate very well with Mg ii index changes down to about
30 nm (He ii; DeLand & Cebula 1993; Weber 1999; Viereck
et al. 2001). The Mg ii core-to-wing ratio is obtained by dividing
narrow Mg ii h and k core emissions by nearby continuum
wing fluxes. Core emissions of the Mg ii doublet are formed
in the chromosphere, while the continuum originates in the
photosphere. Calculation of a core-to-wing ratio makes the
index largely independent of any instrumental drifts and optical
degradation (Heath & Schlesinger 1986). SCIAMACHY Mg ii
data have been combined with data from GOME (Weber et al.
1998; Weber 1999; Skupin et al. 2005b) and other satellite data
(SUSIM, and SBUVs) to update the multiple satellite composite
proxy from Viereck et al. (2004). This updated Mg ii composite
has been corrected to take into account the anomalously low
solar cycle 24 minimum and has been extended backwards to
1947 using solar F10.7 cm radio flux and other proxies (M.
Weber et al. 2009, in preparation). The latter Mg ii composite is
used here and in subsequent papers (J. Pagaran et al. 2009a,
2009b, 2009c, in preparation). Missing Mg ii core-to-wing
Figure 2. Mg ii core-to-wing ratio (top panel) and photometric sunspot index
(PSI, bottom panel). Daily values (points) and an 81 day smooth (solid line)
are shown as well as values for extrema of the last two 11 year solar cycles.
Dates (filled circles) of solar cycle minima and maxima are based on peaks and
troughs of the 81 day boxcar-smoothed Mg ii index.
ratios were calculated using bicubic spline interpolation. The
composite Mg ii index is shown in Figure 2.
Similar to TSI, solar spectral irradiance variations in the op-
tical spectral range varies with changes in faculae brightenings,
sun spots, and their distribution on the solar discs (Lean et al.
1997; Fro¨hlich & Lean 2004; Lean et al. 2005). Their changes
are mostly related to magnetic surface activity (Krivova et al.
2003). The effect of sunspot darkening is usually described by
the photometric sunspot index (Lean et al. 1997, and references
therein), which takes into account area, hemispheric location,
and contrast of sunspots as well as center-to-limb variations.
Here, we use an updated and homogenized composite photo-
metric sunspot index (PSI) based upon telescope observations
from different sites (Balmaceda et al. 2005, 2009). The PSI time-
series is shown along with the Mg ii index in Figure 2. Apart
from the 11 year solar cycle signature, high-frequency changes
with a periodicity of about 27 days related to solar rotations are
evident in both timeseries.
Both proxies are anticorrelated, with a correlation coefficient
of ρ(Pa, Pb) = −0.75 over the nearly 30 year time period
(1978–2006). Hereafter, we denote Pa(t) and Pb(t) to inter-
changeably refer to Mg ii and PSI indices, respectively. In the
SCIA proxy spectral irradiance model (next section) we alter-
natively use orthogonalized solar proxies by replacing the PSI
term with the sunspot darkening excess. Without modifying or
detrending the original proxies, this excess is obtained through
a simple linear regression,
Pb(t) = APa(t) + B, (1)
and by subtracting the scaled Mg ii from PSI. The difference,
which is given by
Pb′ (t) = Pb(t) − APa(t), (2)
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Figure 3. Decomposition of PSI index. Top panel: PSI index, middle panel:
Mg ii index (top panel of Figure 2) linearly scaled to match the PSI index.
Bottom panel: sunspot darkening excess obtained by subtracting the middle
panel from PSI timeseries. Filled circles indicate typical proxy values for solar
cycle extrema of last two solar cycles as defined by dates from the 81 day
boxcar-smoothed Mg ii index.
is called photometric sunspot excess (PSE) and is plotted in the
bottom panel of Figure 3. The PSE proxy does not correlate with
Mg ii. Our orthogonalization procedure closely resembles the
sunspot subtraction approach described in Lean et al. (1997).
4. DATA ANALYSIS
A simple irradiance model that includes two solar proxies,
Mg ii and PSI, and additional terms to account for instrumental
artifacts (degradation and jumps after decontamination and
instrument/platform anomalies) are used here to describe short-
term SSI variations. The solar spectral irradiance Iλ(t) averaged
over a wavelength interval λ can be written as a timeseries as
follows:
〈Iλ(t)〉 = aλPa(t) + bλPb(t) + pλ(t), (3)
where Pa(t) and Pb(t) are Mg ii index and PSI timeseries,
respectively. In the case of using orthogonalized proxies, the
symbols (variables and indices a and b) are replaced with primed
symbols
〈Iλ(t)〉 = a′λPa′ (t) + b′λPb′ (t) + pλ(t), (4)
where Pa′ (t) = Pa(t) denotes the same Mg ii index but
Pb′ (t) denotes the sunspot darkening excess term given in
Equation (2).
From Equations (2)–(4), a relationship between primed and
unprimed fitting constants aλ and bλ can be derived, i.e.,
a′λ = aλ − bλA, (5)
b′λ = bλ. (6)
This means that with one least-squares fit scaling factors for
original and orthogonalized proxies are determined. Fitting
constants are derived for every wavelength interval λ. They
resemble closely faculae and sunspot model intensity spectra
in other empirical irradiance models with proxies playing the
role of filling factors. See, for example, Fontenla et al. (1999)
or Unruh et al. (2000).
In order to distinguish the proxy-based model from actual
SCIAMACHY solar data, we call Equation (3) the SCIA proxy
model. Either Equation (3) using original proxies or Equation (4)
using orthogonalized proxies leads to same modeled quantity
〈Iλ(t)〉. With this model, we quantify short-term variability
of SCIAMACHY SSI due to faculae brightening and sunspot
darkening, as they evolve/decay and transit across the solar
disk. A similar approach has been applied by Lean et al.
(1997) to SOLSTICE/UARS data in the spectral region up
to 400 nm and by Lean et al. (2005) to SIM data that also
include spectral regions above 400 nm. In the absence of SSI
measurements above 400 nm, vis–IR variability are usually
modeled by constraining the absolute magnitude of the integral
of solar spectra over a wide wavelength range to agree with
actual bolometric observations of TSI.
The last term, pλ(t), is a short-hand notation for pλ(t) ≡∑n
j=0 pλj (t), where index j indicates a time segment with
tj < t < tj+1, for which a polynomial is fitted. Outside this
time segment pλj (t) is zero. n is the number of time segments
defined for a given irradiance timeseries. pλj (t) is a low-order
polynomial that is added to describe the long-term changes of
the instrument (degradation) or any other irregularities in the
data. The SCIAMACHY irradiance timeseries is split into dif-
ferent time segments. For each time segment, which represents
for instance a period between two decontamination phases with-
out any other irregularities, separate polynomials are fitted as
will be explained below in more details. This analysis is per-
formed for two different SCIAMACHY observation periods, the
first only covering the year 2003 and the second spanning years
2003 and 2004. In 2003 November, the Halloween solar event
produced record high sunspot areas that show a clear signal in
SSI throughout the entire SCIAMACHY spectral region up to
1.7μ. The use of different periods, 2003 (one year) and 2003–
2004 (two years) shall provide insight into the robustness of our
results. In both years number of instrument/platform anomalies,
decontaminations, and interruptions due to maintenance oper-
ations were at their minimum and, on the other hand, optical
degradation was less advanced (within one to two years after
launch). For 2003, 324 daily SCIAMACHY measurements are
available, in 2004 a total of 353 measurements.
The wavelength range (240–1750 nm) has been divided into
143 intervals, each 10 nm wide and the SSI has been averaged
over these intervals as follows:
〈Iλ(t)〉 =
∑N
j=0
1
2 [I (λk) + I (λk+1)] · (λk+1 − λk)
λf − λi (7)
with (λf − λi) ≈ 10 nm to produce a SSI timeseries 〈Iλ(t)〉 for
every wavelength interval λ. Here, k is a detector pixel index
excluding bad pixels. The choice of 10 nm wavelength bins aims
at increasing the signal-to-noise ratio. Because SCIAMACHY
has a moderately high spectral resolution, SCIAMACHY can
easily be degraded to any desired resolution, for instance, to
SIM’s resolution as shown later in Section 5. Dispersion is
determined by a polynomial to Pt/Ne/Cr/Ar lamp line detector
positions.
In the following, we describe a set of selection criteria we
have applied in order to decide: which data from SCIAMACHY
observations to discard; which ones to retain in our analysis; and
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Figure 4. Step-by-step filtering of SCIAMACHY irradiance data and parame-
terization of short-term SSI variations in the 310–320 nm interval. Shown is the
SCIAMACHY timeseries during 2003. Top panel (a): Calibrated SCIAMACHY
irradiance timeseries without filtering and without degradation correction.
Second panel (b): SCIAMACHY irradiance with data during instrument anoma-
lies and few days before and after removed. Third panel (c): SCIAMACHY
timeseries with additional outliers removed by visual inspection. Selected time
segments numbered 1–4 are indicated for which separate polynomials are fitted
for degradation correction. Solid lines show individual polynomials by fitting
Equation (3) to SCIAMACHY irradiances. Bottom lines show facular bright-
ening and sunspot darkening contributions and fit residuals. Bottom panel (d)
shows data and fit results as irradiance ratios (solar irradiance divided by the
retrieved polynomial). Fit residuals are shifted for clarity.
how to select an optimum polynomial degree in pλj (t). Figure 4
shows a SCIAMACHY irradiance timeseries in the 310–320 nm
window. The top panel shows the unfiltered timeseries of the
ESM diffuser solar data. Several outliers and discrete jumps
between different time segments are visible and are related to
instrument or satellite platform anomalies.
The selection of usable data is shown step-by-step in the
lower panels. In the first step, periods of known instrument
anomalies or satellite/platform maintenance periods including
a few days before and after such events are removed from the
timeseries (second panel in Figure 4). These anomalies indicate
the boundaries of individual time segments, for which separate
polynomials in the fitting procedure are applied. There are
still some outliers remaining that are then removed by visual
inspection (third panel). Time segments that contain less than
10 data points have also been removed since separation between
solar proxy terms and polynomial is rather difficult. If there
are negligible jumps before and after an anomaly, two time
segments are joined and fitted with one polynomial. Timeseries
(years 2003–2004 or year 2003) in each wavelength interval
are fitted to obtain aλ and bλ, and polynomial coefficients of
individual time segments. For each wavelength bin the time
segments may change. The third panel of Figure 4 shows model
fit results by applying Equation (3) to the filtered timeseries.
The individual solar proxy contribution as well as polynomials
for each time segment are shown. The bottom panel shows fit
residuals (shifted for clarity), which are below ±1.5 per mill
in the 310–320 nm wavelength bin. It also shows data and fit
results as irradiance ratios, which are calculated by dividing
irradiances by the fitted polynomials. The polynomial degree
selected for each time segment is generally on the order of 2–
4 and the shorter the time segment, the lower the polynomial
degree selected.
The selection of an optimum polynomial degree in pλj (t)
follows the following criteria. As much as possible we keep
degrees of the separate polynomials assigned to different time
segments as low as possible. We choose the polynomial degrees
such that the (1) residuals appear piecewise continuous between
neighboring time segments (2) residuals lie within about ±1 to
±1.5 ppm, and (3) fitting constants aλ and bλ are maximum, i.e.,
some sort of convergence is reached. To meet these conditions,
fit to Equation (3) was repeated with successive changes in the
polynomial degrees of each time segment.
5. RESULTS
On parameterization of SCIAMACHY irradiances. Figures 5–
8 show for different wavelength bins, here 390–400 nm (UV),
Figure 5. SCIAMACHY irradiance ratio timeseries in the 390–400 nm wavelength bin during 2003. The top panels show SCIAMACHY irradiance ratios (symbols)
and model fits (solid line). The fit residuals are shown at the bottom. The bottom panels show facular brightening, aλ PMg ii(t), and sunspot darkening, bλ PPSI(t)
contributions, and fit residuals in units of W m−2 nm. The left panels show fit results using original proxies and the right panels using orthogonalized proxies, which
are identical (see the main text).
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Figure 6. Same as Figure 5 but for 580–590 nm wavelength bin.
Figure 7. SCIAMACHY irradiance ratio timeseries in the 1080–1090 nm wavelength bin during the two-year period 2003–2004. For more details see Figure 4. Top
two panels: modeled and observed irradiance ratios (first panel) and facular brightening and sunspot darkening contributions in units of W m−2 nm−1 (second panel).
The bottom two panels show the same but using fit results with orthogonalized solar proxies.
580–590 nm (vis), 1080–1090 nm, and 1550–1560 nm (both
near-IR) results from fitting Equation (3) to the filtered SCIA-
MACHY irradiance timeseries. In the near-UV (310–320 nm,
390–400 nm, Figures 4 and 5, respectively) contributions from
dark sunspots as well as bright faculae are evident. The 390–
400 nm band is the region of the Ca ii H&K doublet with the
second strongest chromospheric emission core after Mg ii h&k
(280 nm) in the near-UV spectral range (Weber et al. 1998).
With a coarse 10 nm wavelength bin size used here these emis-
sion cores are not resolved, but at their native spectral resolu-
tion the Mg ii chromospheric emission cores are barely visi-
ble for GOME and SCIAMACHY (Weber et al. 1998; Skupin
et al. 2005b). The Halloween event in 2003 indicates a strong
reduction of intensity on the order of 0.5% in the near-UV. The
right panels of Figures 5 and 6 illustrate the use of Equation (5)
to model irradiance timeseries with sunspot darkening excess
(orthogonalized sunspot proxy, PSE index) instead of the PSI
index. In the near-UV region, differences between original and
orthogonalized proxies are not easily detectable, but in the visi-
ble region (580–590 nm) the faculae brightening term becomes
nearly zero using sunspot darkening excess.
Figures 7 and 8 show fitting results for two near-IR wave-
length intervals, 1081–1090 nm and 1550–1560 nm, respec-
tively. The former interval contains the He i 1083 nm absorption
Reproduced by permission of the AAS
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Figure 8. Same as Figure 7 but for 1550–1560 nm wavelength bin.
line originating from the chromosphere (Brajsˇa et al. 1996). The
latter interval is in the region of the H− opacity minimum,
where radiation escapes at deeper levels within the photosphere.
Here, the dominant contribution is from sunspot darkening.
During the Halloween event in 2003, solar near-IR intensity
was reduced by 0.3% (−0.003 W m−2 nm−1 at 1085 nm and
−0.0015 W m−2 nm−1 at 1555 nm). Without the Halloween
event near-IR irradiance variations observed by SCIAMACHY
are close to noise level (residuals). In the 1550–1560 nm interval
(Figure 8), intensity change during the Halloween event is un-
derestimated by our simple model (−0.2% reduction). Between
1400 and 1600 nm the faculae brightening term shows nega-
tive values meaning that during high solar activity this spec-
tral region becomes darker. This is consistent with observed
dark faculae representing a layer of hot plasma that is optically
thick if observed in the vis but optically thin in IR (Foukal
et al. 1988, 1989; Moran et al. 1992). The negative contri-
bution arising from the dark faculae reproduces and confirms
results from SIM as recently reported by Harder et al. (2008,
2009), contrary to a previous report (based also on SIM data) by
Fontenla et al. (2004). This negative contribution is explicitly
shown in Figure 10 of Unruh et al. (2008) and suggested in
Figure 2 of Unruh et al. (2000). Like our SCIA proxy model,
the SATIRE model also underestimated observations near
1550 nm, while good agreement was found at 1060 nm.
Table 1 summarizes correlation coefficients between modeled
and observed irradiance ratio timeseries for selected wavelength
bins as shown in Figures 5–8. In the UV and vis spectral region
correlations are close to 0.9 and lower in the near-IR. The near-
IR changes other than during the Halloween solar storm 2003
are close to the noise limit which explains the lower correlation
of about 0.8 (fit only in 2003) and 0.7 (fit in 2003–2004).
On derived faculae and sunspot fitting parameters. In
Figure 9, fitting parameters for the faculae brightening, aλ, and
sunspot darkening, bλ, are shown for 10 nm wavelength bins
from 240 nm to 1750 nm including 2σ error. Results are shown
here from the fit of the one year (2003, filled upright triangles)
and two year periods (2003–2004, empty circle line) as well as
for original (top two panels) and orthogonalized (bottom panel)
proxies. Parameters derived from 2003 and 2003–2004 agree
very well with one another. For the validation of our model (see
below) we use the parameter derived from the years 2003–2004
being the most robust among the two.
Above about 400 nm the faculae brightening term using
orthogonalized proxies drops to nearly zero or slightly negative
values right at the long wavelength boundary of the UV spectral
region. This means sunspot darkening becomes the dominant
solar activity contribution to vis and near-IR irradiance changes.
When using original proxies in the SCIA proxy model fits, the
faculae brightening term does not show such a sharp transition
and remains positive except in the near-IR between 1400 and
1600 nm, the region associated with the dark faculae. In the
800–900 nm interval, a dip in faculae brightening is clearly
seen. This dip may be related to reduced optical sensitivity of
Al surfaced mirrors (J. Harder 2007, private communication).
We discarded the 975–1070 nm interval (as shown by the
gray shaded area) because it is near the boundary of both
Channels 5 (high-wavelength end) and 6 (low-wavelength
end). Key calibration parameters (polarization sensitivity and
radiometric calibration) show steep gradients. Small errors
in wavelength calibration error can lead to large shifts in
the key parameters and corresponding calibration errors. The
Reproduced by permission of the AAS
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Table 1
Correlation Coefficients between Observed and Modeled Irradiance Ratios and their 1σ Uncertainty for Selected Wavelength Bins
Interval Wavelength Spectral No. of Original Orthogonalized
No. Interval [nm] Region Days Proxies Proxies
N ρ2 ± 1σ ρ2 ± 1σ
Year 2003 timeseries
9 310–320 UV 245 0.89339 ± 0.02849 0.89284 ± 0.02863
36 580–590 vis 255 0.92357 ± 0.02036 0.92357 ± 0.02037
83 1081–1090 SWIR 263 0.82536 ± 0.04283 0.82533 ± 0.04284
130 1550–1559 SWIR 252 0.75498 ± 0.05861 0.75495 ± 0.05861
Year 2003–2004 timeseries
9 310–320 UV 537 0.88732 ± 0.01945 0.88833 ± 0.01929
36 580–590 vis 506 0.87872 ± 0.02151 0.87870 ± 0.02151
83 1081–1090 SWIR 566 0.74332 ± 0.03929 0.74351 ± 0.03926
130 1550–1559 SWIR 542 0.66548 ± 0.04971 0.66573 ± 0.04968
Notes. In the last two columns, the upper and lower limits of uncertainty, which are determined using Fisher’s transformation; the larger one of
the two is shown here.
wavelength calibration error comes from extrapolation from the
last (first) lamp line portions in the corresponding channel.
From 400–1000 nm, the shape of aλ and a′λ qualitatively
resembles Figures 4 and 5, respectively, of Unruh et al. (2000).
A closer look shows that the SCIA proxy model reproduces
a dip near 480 nm and a spike near 500 nm. The wavelength
dependence follows an inverse wavelength law (faculae contrast
measured in the limb). On the other hand, a′λ shows a rather flat
wavelength dependence (faculae contrast observed in the disk
center).
As shown in Figure 9, irradiance enhancement due to fac-
ulae, irradiance depletions due to sunspots, or their combined
contributions as a function of wavelength from 240 to 1750 nm
can be computed for any day that has available solar proxy
values. Modeled irradiance change and SCIAMACHY observa-
tions during the Halloween solar storm 2003, where total sunspot
area reached a three decade high, are shown in Figure 10. The
shape of the curves (combined faculae and sunspot contributions
and SCIAMACHY measurements) is in qualitative agreement
with Figure 6 in Lean et al. (2005). Across the near-UV, vis,
and near-IR spectral range solar irradiance dropped by 0.3%
(near-IR) to 0.5% (near-UV). This is consistent with a drop
of about 0.4% in the total solar irradiance.1 Below 300 nm an
irradiance enhancement due to faculae activity was observed
reaching +1.3% near 250 nm.
On comparison to SIM data and SRPM model from Fontenla
et al. (2004). SCIAMACHY daily irradiance and SCIA proxy
model variability can be compared with measurements from
SIM at 515 and 1553 nm for one solar rotation in 2003 June
(covering overlapping parts of Carrington rotations 2003 and
2004) as presented in Figure 3 of Fontenla et al. (2004). For
these comparisons, SCIAMACHY data and the SCIA proxy
model were approximately matched to the spectral resolution of
SIM by setting (λf − λi) in Equation (7) to 7 and 30 nm,
respectively (Harder et al. 2005a, 2005b). The comparisons
are shown in Figure 11. SIM observations agree well with
SCIAMACHY in the vis, however, SCIAMACHY near-IR data
are quite noisy as SCIAMACHY residuals, as discussed before,
are on the order of 1.5 per mill. Also shown in this figure are
SCIA proxy model fit and SRPM+PSPT image model (hereafter
1 See for instance
http://www.pmodwrc.ch/pmod.php?topic=tsi/composite/SolarConstant.
simply called SRPM) results (Fontenla et al. 1999, 2004). The
SRPM model reconstructs solar irradiance using representative
solar atmospheres corresponding to solar surface features such
as sunspot umbra, active network, and others and weights their
contribution to SSI by their occurrences and location on solar
Ca ii K PSPT images (Fontenla et al. 2004).
Differences between models and observations indicate some
potential deficiencies in models. For instance, quality of solar
Ca ii K images and lack of a description of penumbras and
pores may impact SRPM model results (Fontenla et al. 2004).
The SCIA proxy seems to also not adequately describe the
irradiance enhancement, suggesting overestimation of sunspot
contribution (Fro¨hlich et al. 1994), particularly in the vis, after
the rotation minimum on 2003 June 10. By this time active
regions have approached the limb and faculae have become
brighter than when they were at disk center, where faculae
contrast is normally very small. Although the PSI index accounts
for changes in contrast in the penumbrae (Balmaceda et al.
2005, 2009), contrast modification, however, is just a simple
approximation (Lean et al. 1997, 2000, 2005).
6. SOLAR CYCLE IRRADIANCE VARIATIONS
The SCIA proxy model allows us to extrapolate observed
short-term variations of SCIAMACHY to solar cycle timescales.
Below, we briefly consider only solar cycle 23. For more details
and consideration of solar cycles 21 and 22 as well, see J.
Pagaran et al. (2009b, in preparation). The solar cycle change,
however, depends on the definition of solar maximum and
minimum dates and respective proxy values during these dates.
Here, we define these dates using an 81 day boxcar-smoothed
Mg ii index timeseries. This allows us to minimize impact
from solar rotations. According to this definition, dates for solar
minimum and maximum in solar cycle 23 are 1996 March 19
and 2002 January 11, respectively. A similar definition was used
in Krivova et al. (2006). Filled circles in Figure 2 indicate PSI
and Mg ii values for solar maximum and minimum dates as
used here to determine irradiance changes in solar cycle 23.
Figure 12 shows an update of Figure 11 in Krivova et al. (2006)
with the addition of SCIA proxy model results. The SCIA proxy
data compare well with recalibrated SUSIM satellite data (Floyd
1999) and the SATIRE empirical model (Krivova et al. 2003)
below 400 nm, however, there seems to be a low bias in the
SCIA proxy model. The solar cycle changes for SCIA proxy,
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Figure 9. Scaling factors for faculae brightening aλ and a′λ in the top and
bottom panels, respectively and sunspot darkening bλ (middle panel) and their
respective fitting errors at a 2σ level for both cases when using either original
(top two panels) and orthogonalized proxies (bottom two panels). Since b′λ
equals bλ (see the main text), the middle panel shows the scaling factor for
both cases. Each panel depicts two curves as derived from 2003 (one year) and
2003–2004 (two year period). Gray areas indicate discarded wavelength regions
(see the main text).
SUSIM, and SATIRE are also summarized in Table 2. This
table shows percent spectral contribution in a given wavelength
interval to TSI variability (ΔFλ/ΔFtot). For solar minimum and
maximum dates in solar cycle 23, TSI change is 0.134 W m−2
after a 81 day boxcar smooth applied to TSI.2 Overall, our
2 TSI data taken from
ftp://ftp.pmodwrc.ch/pub/data/irradiance/composite/DataPlots/ (Fro¨hlich
2006).
extrapolation of SCIA proxy model to 11 year timescales shows
lower SSI variability compared to SUSIM and SATIRE in solar
cycle 23 (Figure 12 and Table 2). It is possible that the low
bias is due to some low frequency variation in SSI that is not
inherent in the solar proxies and gets removed by polynomial
terms in the SCIA proxy model. Above 400 nm, extrapolated
SSI variability presented in Figure 13 for solar cycle 23 can only
be compared qualitatively, for example, with Figure 7 of Unruh
et al. (1999) and Figure 2 of Unruh et al. (2000). The overall
shape across the whole spectral range agrees qualitatively well.
Proper quantitative comparison with SATIRE and Lean et al.
models for wavelengths longer than 400 nm will be pursued in
another occasion. See J. Pagaran et al. (2009a, 2009b, 2009c, in
preparation).
In the SCIA proxy model the wavelength region 240–
900 nm contributes 73% to 11 year solar cycle change of
TSI, which is lower than the SATIRE model. The SCIA proxy
value given for the 800–900 nm wavelength interval may be
too low due to reduced spectral responsivity of the Al mirror
surface as discussed earlier. The SATIRE model like the SRPM
model is an irradiance reconstruction based upon SOHO MDI
continuum images and magnetograms (Fligge et al. 2000;
Krivova et al. 2003; Unruh et al. 2008) from which contributions
of faculae and sunspots are derived. In this model, there is one
degree of freedom which is selected so that modeled total
irradiance matches VIRGO TSI. The low bias in SCIA proxy
for solar cycle changes with respect to SATIRE suggests an
underestimation of TSI variability contribution.
The SCIA proxy model near-UV estimate of solar cycle vari-
ability also has a low bias with respect to SUSIM observations.
SUSIM data have been degradation corrected by a simple empir-
ical formula including a Mg ii index term to account for natural
variability (Floyd 1999; Krivova et al. 2006). Our study as well
as Unruh et al. (2008) show that contribution from sunspots is
non-negligible in the near-UV as evident in Figure 13. Omitting
the sunspot contribution, solar cycle change in the 300–400 nm
range for SCIA proxy model increases to 44% per TSI percent
change, which is now higher than SUSIM and closer to SATIRE
(see Table 2). Figures 3–8, 10, and 13 show that sunspot dark-
ening contributes to irradiance changes at all wavelengths on
rotational and decadal timescales. This is in agreement with the
study by Unruh et al. (2008), who found significant contribu-
tions from both sunspots and faculae in all wavelength regions
on rotational timescales.
From the SCIA proxy model the UV contribution between
240 to 400 nm to TSI variability in solar cycle 23 is 47%, which
is lower than SUSIM observations (53%) and SATIRE model
results (55%) as shown in Table 2. The largest error source in
the estimation of solar cycle variations above 300 nm comes
from instrument anomaly and degradation corrections that have
to be applied to observational data and different approaches for
such corrections can impact results, particularly in the spectral
region where natural variability is well below the radiometric
accuracy.
7. SUMMARY AND CONCLUSIONS
We have parameterized daily UV–vis–IR solar spectral irradi-
ance measurements from SCIAMACHY using appropriate so-
lar proxies describing surface magnetic activity to quantify SSI
variability on rotational up to 11 year cycle timescales. Since
available solar data in the vis and near-IR from SCIAMACHY
(launch in 2002) and SIM (launch in 2003) do not cover a
complete solar cycle yet, solar cycle variability derived from
Reproduced by permission of the AAS
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Figure 10. Modeled and observed solar irradiance change from SCIAMACHY during the Halloween storm event in 2003 including facular and sunspot contributions.
The inset shows the Mg ii and PSI index with labels A and B indicating dates from which irradiance difference was calculated.
Figure 11. Comparison of SIM and SCIAMACHY irradiance variations with
SCIA proxy model and SRPM model from Fontenla et al. (2004). See the main
text for more details.
(A color version of this figure is available in the online journal.)
Figure 12. Solar irradiance variations during solar cycle 23 derived from SUSIM
and SCIAMACHY satellite observations, and SATIRE model in the near-UV
(see also Table 2). SUSIM and SATIRE data are from Krivova et al. (2006).
short-term variations in SCIAMACHY data were extrapolated
to solar cycle timescales using solar proxies (Table 2). Varia-
tions on solar rotation timescales are of about the same order as
solar cycle changes. Solar rotations were modeled using solar
proxies accounting for sunspot darkening (PSI index) and facu-
lae brightening (Mg ii index). By adding separate polynomials
in the SCIA proxy model for each unperturbed observations pe-
riod without instrument anomalies, instrumental changes were
tracked and corrected for (Figure 4).
Scaling parameters for solar proxies were derived from
SCIAMACHY observations during the two year period 2003–
2004 (Figure 9). Both the PSI and Mg ii indices are highly
anticorrelated (Figure 2). When using an orthogonalized sunspot
darkening proxy, called sunspot darkening excess (PSE) index,
faculae brightening contribution sharply drops above 400 nm,
therefore, defining a sharp UV boundary toward the vis. Below
Reproduced by permission of the AAS
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Figure 13. Solar irradiance variations during solar cycle 23 as derived from SCIAMACHY observations and proxy data. Solar maximum and minimum dates were
defined by the 81 day boxcar smooth of Mg ii index timeseries (inset). Contributions from faculae and sunspots are indicated.
400 nm, the dominant contribution during solar maximum
comes from faculae brightening, while the visible regions shows
effects from sunspots, but overall changes over a solar cycle
are well below 0.5% beyond 300 nm and slightly positive
(Figure 13). However, during the Halloween solar storm event
in 2003 with a record high sunspot area, the solar irradiance
dropped by nearly 0.5% from the near-UV (above 280 nm)
to the near-IR (Figure 10). Decomposition of SCIAMACHY
irradiance timeseries shows the dark faculae effect in the
spectral region 1400–1600 nm (near opacity H− minimum),
where both sunspot and faculae contributions are negative
(Figures 8, 9, and 13) in agreement with observations from
ground indicating a darkening under enhanced solar activity
conditions (Foukal et al. 1988, 1989; Moran et al. 1992).
Fontenla et al. (2004) have modified their atmospheric models to
accommodate enhancement of IR irradiances seen in SIM solar
data (Figure 11). While the enhancement may be valid on short-
term scales, our linear scaling of our proxy model indicates a
reduction in near-IR irradiance under solar maximum condition.
Our SCIA proxy model can be used to reconstruct spectral
irradiances any day during satellite era (after 1978). For more
details, see J. Pagaran et al. (2009a, in preparation). The spectral
irradiance change during recent solar cycle 23 derived from
SCIAMACHY observations is shown in Figure 12 for the UV
region and in Figure 13 for the entire optical spectral range.
The spectral contribution to TSI variability is summarized in
Table 2. Overall there is good agreement with estimates from the
SATIRE model (Krivova et al. 2006), but a low bias is seen in the
SCIA proxy model. The largest uncertainty in the SCIA proxy
derived solar cycle changes comes from the degradation and
instrument anomaly correction. If one assumes only a faculae
contribution to near-UV changes the agreement between SCIA
proxy and SUSIM satellite data in the 300–400 nm wavelength
interval is quite good.
Table 2
Irradiance Variation between Solar Maximum and Minimum of Solar Cycle 23
in Different Wavelength Intervals
λ [nm] Fλ/F tot [%] ΔFλ/ΔF tot[%]
SCIA Proxy SUSIM SATIRE
Observations Model
240–300 1.0 12.8 14.6 13.1
300–400 6.7 34.2 38.3 41.8
300–350 16.5 18.5 17.1
350–400 17.7 19.8 24.7
400–500 13.6 9.5 . . . 12.8
500–600 13.5 6.5 . . . 7.4
600–700 11.6 4.6 . . . 5.9
700–800 9.3 5.2 . . . 6.4
800–900 7.4 0.4 . . . 5.7
1100–1200 3.9 2.9 . . .
1200–1300 3.3 1.5 . . .
1300–1400 2.8 0.35 . . .
1400–1500 2.4 −0.80 . . .
1500–1600 2.0 −0.73 . . .
Notes. Column (1) lists the wavelength intervals; Column (2) the percent
contribution of spectral irradiance interval, Fλ, to TSI, F tot. Columns (3)–(5)
are corresponding percentage contributions of spectral irradiance change, ΔFλ,
in each wavelength interval with respect to solar cycle changes in TSI, ΔF tot. In
Column (3) are the SCIA proxy results, Columns (4) and (5) for λ 6 900 nm are
the results from the SUSIM and SATIRE models, respectively, both taken from
Krivova et al. (2006). The TSI change, ΔFtot, during solar cycle was 0.134 W
m−2 (see the main text).
The only other solar cycle variation in the 300–400 nm
region derived from satellite observations has been reported
by Lean et al. (1997) based upon SOLSTICE/UARS satellite
data. Their estimate (from solar cycle 22) seems to be much
lower than SCIA proxy and SUSIM, although a similar proxy
Reproduced by permission of the AAS
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model was used. The main difference in their model is that
the proxy data as well as solar irradiance data were detrended.
In this study, proxy data were not detrended, however, use of
polynomials as degradation correction has a similar effect as
detrending solar irradiances. The linear scaling of solar proxies
then projects their trends on the modeled solar cycle spectral
irradiance change. From SCIAMACHY observations, the UV
contribution to TSI variability is about 55% (about half), which
is lower than the estimate of about 63% (nearly two-third) from
SATIRE model (Krivova et al. 2006) but higher than the 30%
(one-third) contribution derived from SOLSTICE observations
(Lean et al. 1997).
As SSI timeseries covering vis and near-IR region have only
become recently available with satellite observations from SIM
and SCIAMACHY, investigations of solar rotations using the
entire spectral range from UV to IR has recently becoming
feasible (Fontenla et al. 2004; Harder et al. 2005c; Unruh et al.
2008). Since irradiance changes are very small beyond 400 nm
and well below long-term stability of satellite instruments,
derivation of reliable irradiance change estimates over an
extended period like a solar cycle remains a challenging task.
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Netherlands, and Belgium. We are indebted to the entire SCIA-
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Spain), Linton Floyd, Interferometrics Inc. and Naval Research
Laboratory, for providing SUSIM data and Jerry Harder,
Laboratory for Atmospheric and Space Physics, University of
Colorado, for obtaining data from Fontenla et al. (2004). They
and the first two authors (J.P. & M.W.) of this paper are part of
the International Space Studies Institute (ISSI) team3 on spec-
tral solar irradiance, whose meetings and discussions have ben-
efited this study. This work has been supported by the Deutsche
Forschungsgemeinschaft (DFG) project SOLOZON4 (DFG WE
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Chapter 5
Application of the SCIA proxy
model
Space-borne instruments are exposed to hard radiation and as time passes they suffer
from optical degradation and other instrument anomalies. Their typical lifetime is 5 to
10 years, which is too short to assess the role of the magnetically active sun to climate
change over long periods of time. There is therefore a need to reconstruct SSI variability
that not only covers a wide spectral range from the UV to the vis-IR (visible-infrared) but
also spans several decades. A composite of solar measurements can be constructed
by merging the available UV-vis-IR measurements from several instruments/platforms
and different time intervals. To construct the composite, proper correction of instrument
degradation over the timescales of interest and biases between instruments have to be
taken into consideration. So far a UV composite has been constructed [DeLand and
Cebula, 2008]. A composite that includes the vis-IR is challenging if not impossible to
make since available daily measurements cover less than a decade.
Estimating SSI variability over several 11-year solar cycle timescales requires the im-
plementation of some empirical models. Examples for such models are summarized in
Table 5.1. The SCIA proxy model, as described in Chapter 4 and Published Manuscript
II, is validated by comparisons with SIP, NRLSSI, and SATIRE models. Recently, SIM
observations during the descending phase (2004–2008) of solar cycle 23 [Harder et al.,
2009] show opposite solar cycle trends compared to what these empirical models would
suggest. The following scientific questions are addressed in the study. Does the SCIA
proxy model confirm or contradict SIM observations? What are the implications for
empirical models assuming irradiance changes dominated by surface magnetic activity
and/or solar proxies?
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TABLE 5.1: Reconstruction of past irradiances from empirical models. Adapted from
Table 1 of Published Manuscript III.
Long Name Short Spectral Time References
Name Coverage Coverage
Tobiska et al. SIPa UV 1947–2052 Tobiska et al. [2000]
Lean et al. (SSI) NRLSSI UV-vis-IR 1950–2008 Lean et al. [1997, 2005]
Krivova et al. SATIRE UV-vis-IR 1947–2008 Fligge et al. [2000]
Pagaran et al. SCIA proxy UV-vis-IR 1947–2008 Published Manuscripts II and III
aFormerly Solar2000, among the models available we use S2K+VUV2002 model.
In the following sections, the objective, method, results, and my contributions to Pub-
lished Manuscript III are briefly summarized. With kind permission from the publisher,
The Springer Science+Business Media, Published Manuscript III is then reproduced in
full at the end of this chapter as published in Solar Physics journal.
5.1 Objective
The objective of this investigation, reported in Published Manuscript III, is to reconstruct
past spectral irradiance, in particular, during the most recent solar cycles 21 to 23
using the SCIA proxy model. The reconstructed past spectral irradiances are then
compared to existing empirical models (cf. Table 5.1): SIP, NRLSSI, and SATIRE; and
SSI measurements: the DeLand and Cebula UV composite [DeLand and Cebula, 2008]
and SIM [Harder et al., 2005a,b, 2010] covering the years 1978–2005 and 2004–2008,
respectively.
5.2 Method
The SCIA proxy model is applied to calculate daily spectra from 1947 to 2008 using the
regression or scaling coefficients derived in Published Manuscript II and the extended
solar proxy time series spanning back to 1947, the start of the F10.7 cm data record.
The scaling coefficients are derived from selected daily SCIAMACHY SSI measure-
ments covering several 27-day solar rotations during 2003 and 2004 (cf. Chapter 4
and Published Manuscript II). They are determined from 240 to 1750 nm (SCIAMACHY
Channels 1 to 6) in steps of 10 nm [Pagaran et al., 2009]. The SCIAMACHY reference
spectrum is used to normalize the calculated SSI variations and to determine percent
changes of the SCIA proxy model irradiances.
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5.3 Results
The SCIA proxy model was applied to reconstruct irradiances, in particular, during the
most recent solar cycles 21 to 23, i.e. from 1972 to present.1 The SCIA proxy model
can be used to decompose sources of irradiance variability, as shown in Figure 5.1.
To test the quality of reconstruction, we have compared irradiances calculated from
the SCIA proxy model to existing solar data by comparing in both ordinary and robust2
statistics their mean absolute value, standard deviation, correlation coefficient, and by
producing scatter plots (additional graphs are provided in Appendix C.1 that are not
shown in Published Manuscript III).
Between minima and maxima of solar cycles 21, 22, and 23, the inferred SSI variability
in the UV from SCIA proxy is intermediate between SATIRE and NRLSSI. In the vis-
IR, NRLSSI and SATIRE agree with each other while SCIA proxy is the lowest across
the vis-IR range; the latter may be due to the overestimation of sunspot darkening
component. Only SATIRE and SCIA proxy reproduce the dip near H− opacity minimum
while NRLSSI does not. All the models (NRLSSI, SATIRE, and SCIA proxy) show
that solar cycle 23 is the weakest in terms of the magnitude of UV spectral irradiance.
Moreover, with respect to the relatively short timeseries of SIM/SORCE, we found that
during the descending phase of solar cycle 23 SIM data shows a steeper decreasing
trend in UV and opposite trends in the visible spectral region, cf. Figures 5.2 and 5.3,
respectively.
The results shown in Figures 5.2 and 5.3 that include the short timeseries from SIM
challenge the validity of assumptions made in the proxy-based spectral irradiance mod-
els. This concerns, in particular, the linear extrapolation of solar proxies from several
27-day solar rotations time scales to 11-year solar cycle changes; the extrapolation
suffices to describe longer term irradiance changes. If SIM data turn out to be the
truth, an alternative way have to be suggested on how to properly model spectral ir-
radiances from short- to long-term timescales. Nevertheless, proxy-based irradiance
models remain the most straightforward and simple manner to estimate irradiances
during periods when no direct spectral irradiance measurements are available.
5.4 Contributions from J. P. to Published Manuscript III
In addition to drafting the manuscript, and revising it after comments from co-authors
and referee/s, J. P. performed all the data reduction and analysis, and interpretation of
results. The data analysis included the following:
1The reconstructed irradiance spectral data from SCIA proxy may be available for download at the
following website: www.iup.uni-bremen.de/UVSAT/.
2See Appendix C.2 for a brief overview on robust statistics.
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FIGURE 5.2: SSI timeseries in the visible range. (Top) 480–490 nm and (bottom) 655–
665 nm containing the Hβ and Hα Balmer absorption lines, respectively. From Figure
10 of Published Manuscript III.
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FIGURE 5.3: Top to bottom panels show change of SSI during the descending phase of
solar cycles 21–23, respectively. The bar chart compares the irradiance change from
near solar minimum to near solar maximum at selected dates during the descending
phase of each solar cycle. From Figure 18 of Published Manuscript III.
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• J. P. obtained and prepared solar proxies (Mg II core-to-wing, photometric sunspot,
and F10.7 cm radio flux indices) used to extend the Mg II index back to 1947, the
pre-satellite era. These solar proxies are briefly described in Section 2.6.1, and
in Published Manuscripts II and III.
• J. P. calculated daily irradiances from 1947 to 2008 at 10-nm bins using the SCIA
proxy model, however, only the period 1972–2008 was presented. Furthermore,
he calculated 11-year solar cycle variability during the most recent solar cycles
21–23 with error propagation from the uncertainties in the linear regression pa-
rameters, cf. Appendix B.2.
• For testing the quality of reconstruction, J. P. obtained other irradiance data that
not only cover the spectral region 240–1600 nm but also span the time period
from 1950s to present. J. P. placed all irradiance data to a common wavelength
bin, the 10-nm bins of the SCIA proxy model.
• J. P. made scatter plots to selected wavelength intervals and performed ordinary
and robust statistics (cf. Appendix C.2) to the timeseries of all irradiance data.
• J. P. integrated spectral fluxes over selected wavelength ranges using 5-point
Newton-Cotes numerical integration formula, cf. Appendix A.2.6.
99
Published Manuscript III
With kind permission from Springer Science+Business Media B.V.:
J. A. Pagaran3, M. Weber1, M. T. DeLand4, L. E. Floyd5, and J. P. Burrows1
SPECTRAL SOLAR IRRADIANCE VARIATIONS IN 240–1600 NM DURING THE RECENT
SOLAR CYCLES 21–23, Solar Physics (2011) 272 159–188.
DOI:10.1007/s11207-011-9808-4
Author contributions: J. P. conceived, designed, and executed data analysis; interpre-
tation of results, and drafted the manuscript. M. T. D. and L. F. provided the UV satellite
data. All authors discussed the results and commented on the manuscript.
3Institut fu¨r Umweltphysik (IUP), Universita¨t Bremen, Bremen, Germany
4Science System and Applications, Inc (SSAI), Lanham, Maryland, USA
5Interferometrics Inc., 13454 Sunrise Valley Drive, Herndon, Virginia, USA
100
Solar Phys (2011) 272:159–188
DOI 10.1007/s11207-011-9808-4
Solar Spectral Irradiance Variations in 240 – 1600 nm
During the Recent Solar Cycles 21 – 23
J. Pagaran · M. Weber · M.T. DeLand · L.E. Floyd ·
J.P. Burrows
Received: 7 February 2011 / Accepted: 25 May 2011 / Published online: 12 July 2011
© Springer Science+Business Media B.V. 2011
Abstract Regular solar spectral irradiance (SSI) observations from space that simultane-
ously cover the UV, visible (vis), and the near-IR (NIR) spectral region began with SCIA-
MACHY aboard ENVISAT in August 2002. Up to now, these direct observations cover less
than a decade. In order for these SSI measurements to be useful in assessing the role of
the Sun in climate change, records covering more than an eleven-year solar cycle are re-
quired. By using our recently developed empirical SCIA proxy model, we reconstruct daily
SSI values over several decades by using solar proxies scaled to short-term SCIAMACHY
solar irradiance observations to describe decadal irradiance changes. These calculations are
compared to existing solar data: the UV data from SUSIM/UARS, from the DeLand & Ce-
bula satellite composite, and the SIP model (S2K+VUV2002); and UV-vis-IR data from
the NRLSSI and SATIRE models, and SIM/SORCE measurements. The mean SSI of the
latter models show good agreement (less than 5%) in the vis regions over three decades
while larger disagreements (10 – 20%) are found in the UV and IR regions. Between min-
ima and maxima of Solar Cycles 21, 22, and 23, the inferred SSI variability from the SCIA
proxy is intermediate between SATIRE and NRLSSI in the UV. While the DeLand & Ce-
bula composite provide the highest variability between solar minimum and maximum, the
SIP/Solar2000 and NRLSSI models show minimum variability, which may be due to the
use of a single proxy in the modeling of the irradiances. In the vis-IR spectral region, the
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SCIA proxy model reports lower values in the changes from solar maximum to minimum,
which may be attributed to overestimations of the sunspot proxy used in modeling the SCIA-
MACHY irradiances. The fairly short timeseries of SIM/SORCE shows a steeper decreasing
(increasing) trend in the UV (vis) than the other data during the descending phase of Solar
Cycle 23. Though considered to be only provisional, the opposite trend seen in the visi-
ble SIM data challenges the validity of proxy-based linear extrapolation commonly used in
reconstructing past irradiances.
Keywords Solar irradiance · Solar cycle, models · Solar cycle, observations · Active
regions · Sunspots
1. Introduction
There is a high demand to have SSI (solar spectral irradiance) measurements from space
that not only cover a spectral range from the UV to the vis-IR (visible-infrared) but also
are available over a relatively long time span of several decades (Fröhlich and Lean, 2004;
Thuillier et al., 2004; Rottman, 2006; Domingo et al., 2009). Apart from the potential to pro-
vide a solar – stellar astrophysical connection (see, for example, Beasley and Cram, 1990),
such a long-term archive of SSI data is a key in understanding the solar-terrestrial relations,
in particular the extent to which changes in spectral regions of the Sun’s radiative output
can influence the behavior of the Earth’s climate system (see, for example, Arnold, 2002;
Fröhlich and Lean, 2004; Haigh, 2007; de Wit and Watermann, 2010; Gray et al., 2010).
Addressing this demand has its intrinsic difficulties (Bonnet, 1981). Notably, operating
a space instrument has to be stable and accurately calibrated. In addition, the instrument
has to be sensitive to the desired magnitude of variability at the required spectral region.
While the UV variations are large, the vis-IR variations are tiny and vary between about
0.2% and 0.4% (see, e.g., Pagaran, Weber, and Burrows, 2009). Hence, for a detector to
observe these tiny variations, it has to have a relative uncertainty of a few parts in 104
over its lifetime (Rottman et al., 1998). The lifetime of a single instrument is typically 5 –
10 years. In order to observe SSI variability on 11-year solar cycle timescales and longer,
these measurements have to originate from several instruments, each with well-calibrated
optical elements, including proper correction of instrument degradation over the timescale
of interest and biases between instruments.
Regular space-borne irradiance monitoring from several instruments started in 1978 (start
of satellite era). The wavelength coverage in early satellite SSI measurements were lim-
ited to the UV below 400 nm. This irradiance record provided the opportunity to develop
a UV composite (DeLand and Cebula, 2008) by merging independent measurements into
one timeseries. Developing a similar composite that includes the vis-IR region (Thuillier
et al., 2004) is challenging, as regular measurements in the long wavelength regions started
not before the early 2000s. Daily monitoring of the vis-IR started with limited wavelength
bands, e.g., SPM of VIRGO/SOHO and with instruments like GOME/ERS-2 and SCIA-
MACHY/ENVISAT that lack sophisticated in-flight calibration mechanism as it is not re-
quired for terrestrial atmospheric observations, the primary purpose of GOME and SCIA-
MACHY.
The following data are available in the optical spectral range: UV-vis-NIR irradiance
data from GOME (Burrows et al., 1999; Weber, Burrows, and Cebula, 1998) since 1995,
vis-NIR-SWIR data from SCIAMACHY (Bovensmann et al., 1999; Skupin et al., 2005a,
2005b) since 2002. (SWIR stands for shortwave-IR). In a similar spectral range but at a
With kind permission from Springer Science+Business Media B.V.
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lower spectral resolution, SIM data (Harder et al., 2005a, 2005b) from 2003 until present
are available.
In Pagaran, Weber, and Burrows (2009), we have shown that spectral irradiance varia-
tions can be modeled by parametrizing observed irradiances from SCIAMACHY in terms
of solar proxies. In this work, we apply this model, which we hereafter refer to as the SCIA
proxy, to reconstruct a long time record of UV-vis-NIR SSI extending back to 1947. Here
we focus on the reconstruction of Solar Cycles 21 to 23 starting in 1972. In Section 2 we
describe the basic features of the SCIA proxy model, and discuss some sample timeseries
of SCIA proxy irradiance timeseries covering the three recent solar cycles. In Section 3,
we compare SCIA proxy to other SSI data. While some comparisons with other solar data
have been done on solar rotational time scales in 2003 and 2004 and during Solar Cycle 23
(Pagaran, Weber, and Burrows, 2009; Pagaran et al., 2011), Section 4 provides a more com-
prehensive comparison to a far wider variety of solar data (including the DeLand & Cebula
UV composite, SUSIM, and SIM measurements) and covering a larger period (1972 – 2008).
This is followed by Sections 5 and 6, where results are discussed and summarized, respec-
tively.
2. SCIA Proxy Model
Here we briefly describe our approach to model solar irradiances from SCIAMACHY. The
basic idea in modeling the solar irradiance is to parametrize the timeseries of the observed
irradiance in terms of solar proxies (Lean et al., 1997, 2005; Pagaran, Weber, and Burrows,
2009). The solar proxies represent facular brightening (mainly UV) and sunspot darkening
(mainly vis/IR), which are the main contributions to SSI variations. A multivariate linear
regression is performed to determine the regression coefficients of the solar proxies. In ad-
dition to the solar proxy terms, piecewise polynomials are used to correct for instrument
degradation and for small biases following instrument and platform anomalies (Pagaran,
Weber, and Burrows, 2009). The SCIA proxy model is based on SCIAMACHY observations
covering solar rotations during 2003 and 2004. The regression coefficients were determined
from 240 nm to 1750 nm (SCIAMACHY Channels 1 to 6) in steps of 10 nm (Pagaran,
Weber, and Burrows, 2009). Variations in time are provided by the scaled solar proxy time-
series. For more details on SCIAMACHY and the SCIA proxy model, see Pagaran, Weber,
and Burrows (2009).
We calculate daily SSI, Iλ(t), using the equation
Iλ(t) = Iref(λ) + I (λ, t). (1)
Here, Iref(λ) is the reference spectrum based on a mean ESM diffuser SCIAMACHY obser-
vation (see Figure 1) from 4 March 2004 (tref) that includes a degradation correction using
the daily white-light spectrum (WLS) ratios with respect to data at the beginning of the
mission (see the Appendix in Pagaran et al. (2011)). The daily SSI anomaly is given by
I (λ, t) = aλPa(t) + bλPb(t)
= aλ
[
Pa(t) − Pa(tref)
] + bλ
[
Pb(t) − Pb(tref)
]
. (2)
To obtain the daily SSI anomaly, I (λ, t), we use the faculae and sunspot regression
parameters, aλ and bλ, and the daily change of solar proxies P (t) with respect to the
date of the SCIAMACHY reference spectrum (tref): Pa(t) and Pb(t). The subscripts
With kind permission from Springer Science+Business Media B.V.
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Figure 1 SCIAMACHY
reference spectrum Iref(λ)
measured on 4th of March 2004.
Gray areas (975 – 1070 nm)
indicate discarded wavelength
regions, cf. Pagaran, Weber, and
Burrows (2009).
a and b stand for the Mg II core-to-wing (ctw) ratio (Weber, Burrows, and Cebula, 1998;
Skupin et al., 2005b; Viereck et al., 2004) and Photometric Sunspot Index (PSI) expressed
in fraction of mean TSI (dimensionless) depleted by sunspots (Balmaceda et al., 2009), re-
spectively. The regression parameters have units of irradiance per unit change in the proxy
(Pagaran, Weber, and Burrows, 2009), i.e., W m−2 nm−1 per unit P(t).
Figure 1 shows the observed reference spectrum, Iref(λ), in its original spectral resolution
(gray dots) and binned into 10 nm intervals (solid). The regression parameters, aλ and bλ,
were determined for the 10 nm bins (Pagaran, Weber, and Burrows, 2009). This 10-nm step
binning was applied to all other spectra used in this study.
The uncertainty of Iλ(t) is given by
δI (λ, t) = δaλPa(t) + δbλPb(t), (3)
with δaλ and δbλ being the regression error from fitting to SCIAMACHY observations.
The calculated Iλ(t) therefore has wavelength- and time-dependent parts. The time-
dependent part is determined by the solar proxies. The top and bottom panels of Figure 2
show Mg II ctw ratio (or Pa(t)) and PSI (or Pb(t)), respectively. The application of an 81-day
smoothing to data points aims at removing the high-frequency signal due to the 27-day solar
rotation and enables us to define solar minimum and maximum dates for all solar cycles
from the Mg II index timeseries as shown in Figure 2.
We use the recently updated Mg II index, which consists of GOME and SCIAMACHY
data (Weber, Burrows, and Cebula, 1998; Skupin et al., 2005b) combined with the multi-
satellite composite from Viereck et al. (2004). This Mg II composite is extended backwards
to 1947 from 1978 using F10.7 cm flux1 and PSI. The best fit was obtained using the F10.7
cm flux, the square of F10.7 cm flux, and the PSI as fitting terms in a linear regression. The
extended Mg II composite correlates also well with UV and EUV wavelengths (Floyd et al.,
2005). However, one should keep in mind that the F10.7 cm flux has some deficiencies
in modeling UV irradiances (Dudok de Wit et al., 2009a). Viereck et al. (2001) showed
that Mg II index better tracks EUV changes than F10.7 cm flux, particularly under solar
minimum conditions. For reconstructing UV irradiance variations before the satellite era the
F10.7 cm flux comes closest to tracking the Mg II index.
1The F10.7 cm flux data were taken from the link http://www.oulu.fi/~spaceweb/textbook/f107.html.
With kind permission from Springer Science+Business Media B.V.
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Figure 2 Solar proxy
timeseries. Mg II index (top
panel) and Photometric Sunspot
Index (bottom panel) represent
brightening due to faculae and
darkening due to sunspots,
respectively. The period 1972 to
2008 shown in each panel covers
Solar Cycles 21 – 23 with daily
(dots) and 81-day smoothed
(solid line) values. The solid
points indicate maxima and
minima (based upon the 81-day
smoothed Mg II index timeseries)
and define dates of solar maxima
and minima used in this study.
Figures 3 and 4 show the reconstructed daily relative SSI variability and its uncertainty
(Equations (2) and (3)) in the different spectral regions. The spectral range shown in these
figures contains major solar absorption lines, Mg II (279.6 and 280.3 nm), Ca II (393 and
396 nm) doublets; Na I (589 nm), Hα (656 nm); and Ca II triplet (850 and 854 nm), He I
multiplet (1083 nm), and the H− opacity minimum (∼1555 nm).
Across the wavelength range from UV to IR (240 – 1700 nm), the irradiance changes
from solar minimum to solar maximum are roughly 7 mW m−2 nm−1 (0.7%) at 380 –
390 nm; it decreases to 1 mW m−2 nm−1 (0.1%) at 655 – 665 nm and 850 – 860 nm and
further decreases to 0.2 mW m−2 nm−1 (0.08%) at 1650 – 1660 nm. This observation sug-
gests that I (λ, t) reaches maximum at 400 nm before it drops to near zero above 400 nm
and then becomes negative at about 1100 nm and 1500 nm. This result is in good qualitative
agreement with Figure 2 of Unruh, Solanki, and Fligge (2000). UV irradiance changes are
in-phase with solar cycle, while NIR and SWIR are out-of-phase. This observation is similar
to Figure 3 of Harder et al. (2009), based on Solar Cycle 23 (2004 – 2007) data from SIM
(more on this later, cf. Figure 18 below).
From the lower subpanels at each wavelength interval shown in Figures 3 and 4 it can be
seen that the facular brightening term is the main driver of SSI variability below 400 nm.
Above 400 nm, facular brightening and sunspot darkening have opposite signs and nearly
cancel each other resulting in nearly zero SSI variability. Above 1000 nm, sunspot dark-
ening becomes the main driver of SSI variability resulting in depleted irradiances at solar
maxima. Near the opacity minimum (about 1555 nm) the sunspot darkening term couples
with the faculae that also become dark, resulting in a fairly depleted (negative) irradiances
at solar maximum. Dark faculae are discussed in Unruh et al. (2008) and Pagaran, We-
ber, and Burrows (2009). Above 1600 nm, facular brightening and sunspot darkening con-
tributions behave like in the vis regions but they are one order of magnitude smaller, i.e.
0.1 mW m−2 nm−1 from 1 mW m−2 nm−1 in the vis. Moreover, from these lower subpanels,
facular brightening shows a well-defined second maximum in Solar Cycle 23, and a steeper
ascending phase in Solar Cycle 22, which is similar in shape to that of the reconstructed
Solar Cycle 21.
With kind permission from Springer Science+Business Media B.V.
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Assuming that proxies and SSI behave in similar ways over both 27-day rotational and
11-year solar cycle timescales, changes of solar proxies during the solar cycle and the re-
gression parameters may be used to estimate the 11-year SSI variability on decadal time
scales. This assumption is similar to those made in the multi-component proxy-based ir-
radiance models of Lean et al. (1997, 2005), DeLand and Cebula (1993), and Woods and
Rottman (2002). We will show later that during the short SIM observations period (Harder
et al., 2009) this assumption does not hold.
The changes of irradiance from solar minimum (denoted by FA) to solar maximum (de-
noted by FB) can be estimated as
11yr,direct(λ) = 100 〈Iλ(tsol max)〉 − 〈Iλ(tsol min)〉〈Iλ(tsol min)〉
≡ 100FB − FA
FA
. (4)
The values for solar cycle variations depend on the choice of dates of solar minima and
solar maxima. The solar minima and solar maxima are defined by the extrema of the 81-day
smoothed Mg II index. To obtain solar irradiance at solar minimum and solar maximum
conditions, the solar irradiances are averaged over 81-days, centered around the extrema
dates as indicated in Figure 1 by filled black circles.
The 11-year irradiance variability between solar minimum and solar maximum of So-
lar Cycles 21 – 23 are shown in Figures 5 – 7, respectively. Faculae contribution during the
minimum of Cycle 21 is derived from the extended Mg II index (see Figure 1).
Figure 8 shows a magnified view of the vis-IR SSI variations for Solar Cycles 21 – 23
(including 2σ uncertainty for Cycle 23). Faculae contributions are similar for Cycles 21 – 23
and are almost equal in magnitude. On the other hand, sunspot contributions in Cycle 23 are
less negative than in Cycles 21 and 22. For the summed facular and sunspot contributions,
Cycle 23 stands out, while Cycle 21 and 22 appear to be similar. The differences of Solar
Cycle 23 to the other cycles come, therefore, mainly from the differences in the sunspot
darkening term. Between 1400 and 1600 nm both sunspots and faculae become dark (Unruh,
Solanki, and Fligge, 1999) and are significantly different from zero for all Solar Cycles 21
to 23.
Lean et al. (1997) and Fröhlich and Lean (2004) argue that faculae and sunspots are
thought to dominate the long- and short-term irradiance variability, respectively. In the UV,
the faculae are the major contributor to SSI variability with sunspot darkening becoming
significant in the near UV (300 – 400 nm) (Pagaran, Weber, and Burrows, 2009). In the vis-
IR wavelength ranges, faculae and sunspot variations are approximately equal so that they
nearly cancel each other. In the spectral region 1200 to 1600 nm, sunspot darkening seems to
dominate. These observations are in good qualitative agreement with the findings of Unruh
et al. (1999, 2008).
3. SSI Observation and Models
A successful irradiance model has to agree with observed irradiance variations as a function
of wavelength between solar cycle maximum and minimum (Unruh, Solanki, and Fligge,
1999). Six SSI data sets are used to compare with the SCIA proxy model. Three of them
cover only the UV spectral region. They are based on i) measurements from SUSIM/UARS
(1991 – 2005) (Floyd et al., 2003), ii) the SSI composite from DeLand and Cebula (2008),
and iii) the empirical model from Tobiska et al. (2000) or SIP/Solar2000. The remaining
three SSI data cover also the vis-IR regions. They are iv) the proxy-based model from
With kind permission from Springer Science+Business Media B.V.
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Figure 5 Percent faculae (red) and sunspot (blue) contributions to eleven-year spectral variability (black)
between solar minimum and solar maximum of Solar Cycle 21. The scaling factors Pa(t) and Pb(t) to
scale aλ and bλ, respectively, are derived from extrema of 81-day smoothed faculae (inset, top curves) and
sunspots (inset, bottom curves) proxy values at FA and FB.
NRLSSI (Lean et al., 2005), v) the semi-empirical SATIRE model from Krivova et al. (2003,
2009, 2011), and vi) the measurements from SIM/SORCE (2003 – present) (Harder et al.,
2005a, 2005b, 2010). All SSI data are summarized in Table 1.
In the following we briefly describe the various data sets used for comparison.
UV Measurements from SUSIM/UARS or Floyd et al. SUSIM (Solar Ultraviolet Spectral
Irradiance Monitor) aboard UARS (Upper Atmosphere Research Satellite) is a dual disper-
sion scanning spectrometer (Brueckner et al., 1993, 1995; Floyd et al., 2003). It measures
the full-disk solar ultraviolet spectral irradiance over its 115 – 410 nm wavelength range
daily at 1 and 5 nm resolutions and weekly at 0.15 nm resolution. Its daily solar observa-
tions began on 11 October 1991 and ended on 1 August 2005.
The data we use here are the daily level 3BS v22 data with a sampling of 1.1 nm.2 SUSIM
covers about 14 years, slightly more than a solar cycle.
2http://wwwsolar.nrl.navy.mil/susim_uars_data.html or ftp://ftp.susim.nrl.navy.mil.
With kind permission from Springer Science+Business Media B.V.
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Figure 6 Same as Figure 5 except for Solar Cycle 22.
Table 1 Summary of SSI data used in this study.
Long name Short Spectral Time References
name coverage coverage
Floyd et al. SUSIM UV 1991 – 2005 Floyd et al. (2003)
DeLand & Cebula SSAI UV 1978 – 2008 DeLand and Cebula (2008)
Tobiska et al. SIPa UV 1947 – 2052 Tobiska et al. (2000)
Lean et al. (SSI) NRLSSI UV-vis-IR 1950 – 2008 Lean et al. (1997, 2005)
Krivova et al. SATIRE UV-vis-IR 1947 – 2008 Fligge et al. (2000)
Harder et al. SIM UV-vis-IR 2003 – 2009 Harder et al. (2005a, 2005b, 2010)
Pagaran et al. SCIA proxy UV-vis-IR 1947 – 2008 Pagaran et al. (2009), & this work
aFormerly Solar2000, among the models available we use the S2K+VUV2002 model.
UV Satellite Composite from DeLand & Cebula or SSAI Composite The UV composite
(DeLand and Cebula, 2008) or SSAI (Science Systems and Applications, Inc.) was cre-
ated by merging available UV irradiances from six different space-borne instruments, SME,
With kind permission from Springer Science+Business Media B.V.
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Figure 7 Same as Figure 5, except for Solar Cycle 23.
SBUV on Nimbus-7, SBUV-2 on NOAA-9 and NOAA-11, and SUSIM and SOLSTICE on
UARS.3 It has a wavelength range from 120 to 400 nm at a sampling rate of 1 nm covering
the period from November 1978 to August 2005.
UV Data from SIP Model or Tobiska et al. Formerly called the Solar2000 (S2K), SIP
(Solar Irradiance Platform) is an empirical irradiance model that uses several observed ir-
radiances from a variety of sources, rocket, aircraft, ground, and space-borne platforms.4
It provides solar spectra from the X-rays through the far infrared and integrated irradiance.
This solar model and its subsequent improvements are described in Tobiska et al. (2000)
and Tobiska and Bouwer (2006). Below, we use the model S2K+VUV2002 version SO-
LAR2000 Research Grade V2.33. VUV2002 (1 – 420 nm) is based on FUV (far UV) and
UV (vacuum UV) irradiances from UARS beginning in 1991 as published in Woods and
Rottman (2002) and TIMED/SORCE measurements beginning in 2002 that are modeled
using daily F10.7 cm flux as proxy. Above 420 nm, the ASTM E-490 reference spectrum
3http://lasp.colorado.edu/lisird/cssi/cssi.html.
4http://www.spacewx.com/solar2000.html.
With kind permission from Springer Science+Business Media B.V.
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Figure 8 Eleven-year vis-IR
variability curves for Solar
Cycles 21 – 23 (see also
Figures 5 – 7). The gray shaded
region represents the 2σ
uncertainties from model
regression parameters during
Solar Cycle 23.
is used, whose integrated total irradiance is scaled to agree with TSI (Fröhlich and Lean,
1998). In the latter spectral region, no solar variability is modeled. For more details, see
Tobiska et al. (2000) and Tobiska and Bouwer (2006).
UV-vis-IR Data from NRLSSI Model or Lean et al. The UV-vis-IR irradiance data set by
Lean et al. (1997, 2005), also called NRLSSI (Naval Research Laboratory SSI),5 is a model
popularly used for climate and atmosphere research.
In this model, SSI is calculated empirically on a per-wavelength basis by parametriz-
ing observed irradiances in terms of solar proxies of sunspot area and facular brightening.
NRLSSI uses the Mg II index only for wavelengths from 30 to 300 nm. The solar proxy
model has been adjusted to TIMED/SEE and UARS/SOLSTICE data in the 0 – 120 nm and
120 – 300 nm wavelength ranges, respectively. Above 300 nm, SSI is a composite of SOL-
SPEC up to 900 nm and the Kurucz spectrum at longer wavelengths. In this region, model
results of sunspot and facular contrasts from the Unruh model are used (Lean, 2000). Its SSI
is obtained by constraining the total flux from 120 to 100 000 nm to agree with TSI.6
UV-vis-IR Data from SATIRE Model or Krivova et al. The model from Krivova et al.
or SATIRE (Spectral And Total Irradiance REconstructions) calculates solar irradiances
based on the assumption that variations are caused directly by magnetic fields at the surface
(Solanki and Krivova, 2004). Using magnetic surface observations from MDI (Michelson
Doppler Imager) continuum images and ground-based observations, the SSI is formed by
superposition of representative model irradiances for quiet sun, sunspot umbrae and penum-
brae, and networks (Kurucz, 1993; Unruh, Solanki, and Fligge, 1999; Krivova et al., 2003;
Krivova, Solanki, and Floyd, 2006).
5http://lasp.colorado.edu/LISIRD/NRLSSI/NRLSSI.html.
6For more details, see for example: http://www.geo.fu-berlin.de/en/met/ag/strat/forschung/SOLARIS/Input_
data/Calculations_of_Solar_Spectral_Irradiance_Oct07.pdf.
With kind permission from Springer Science+Business Media B.V.
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Below 300 nm, a semi-empirical approach (Krivova, Solanki, and Floyd, 2006) is used
to extend to shorter wavelengths (down to 115 nm). The approach uses SUSIM/UARS and
Mg II ctw ratio to obtain an improved estimate of solar cycle variations between 240 and
400 nm.
In the comparison, we use the SATIRE version7 as of February 2009 (Krivova et al.,
2009; Krivova, Solanki, and Unruh, 2011).
UV-vis-IR Measurements from SIM/SORCE or Harder et al. SIM (Spectral Irradiance
Monitor) aboard SORCE (Solar Radiation and Climate Experiment) is a dual Fèry prism
spectrometer (Harder et al., 2005a, 2005b). SIM measures full-disk UV-vis-IR spectral ir-
radiances in the 300 – 2400 nm range at 0.25 – 33 nm spectral resolution. The SIM solar
spectra have an absolute accuracy of 2 – 8% and are daily available since May 2003. The
daily spectra we use here are version 17 SIM data.8
4. Intercomparison of the SCIA Proxy with Other Solar Data
Figures 9 – 12 show daily SSI timeseries of all solar data that are compared here. The wave-
length intervals correspond to the eight panels shown in Figures 3 and 4. Except for SUSIM
(1991 – 2005) and SIM (2003 – present), all SSI timeseries cover the entire satellite era
(1978 – 2008).
In the UV (Figure 9), SCIA proxy (SATIRE) appears highest (lowest) in both panels. In
these intervals, SUSIM appears to be in near agreement with NRLSSI. SIM, on the other
hand, is in near agreement with SIP model and DeLand & Cebula composite, which are
intermediate between SCIA proxy and NRLSSI. It should be noted that SUSIM forms the
DeLand & Cebula UV composite from October 1991 – August 2005, but adjusted to the
SBUV data. In the vis-IR region (cf. Figures 10 – 12), depending on the wavelength regions,
no general statement can be made whether NRLSSI, SATIRE, or SCIA proxy data is highest
or lowest with respect to the other data. There is, however, a general similarity between
NRLSSI and SATIRE; this is because NRLSSI vis-IR regions use model results of sunspot
and facular contrasts from the Unruh model (Lean, 2000) similar to SATIRE. SIM, on the
other hand, appears to be the highest in almost all intervals. Except for the UV spectral
range, the biases between the data is within 1% well below the absolute accuracy of about
2 – 3% for solar measurements.
Regarding the shape of rise and fall of absolute SSI over the course of the three solar
cycles, the UV composite from DeLand & Cebula stands out especially in the years 1986 –
1989 and 1991 – 1993. Referring to Figure 8 of DeLand and Cebula (2008), the UV SSI
are derived from the three instruments Nimbus-7, NOAA-9, and NOAA-11, and the two
instruments NOAA-9 and NOAA-11, during these time periods as shown in the top and
bottom panels of Figure 9, respectively. This suggests a discontinuity in overlapping data
sets. The main reason for this is that the normalization used for NOAA-9 to merge with the
other SBUV data is inaccurate in Figures 10 and 13 of DeLand and Cebula (2008).
Except for parts of the DeLand & Cebula composite, all solar data are in-phase with the
11-year solar cycle. The DeLand & Cebula composite (therefore also SUSIM) is the only
set of data that reproduces the sharp double peak of Cycle 23. The other solar data show a
7See http://www.mps.mpg.de/projects/sun-climate/data.html.
8See http://lasp.colorado.edu/sorce/data/ssi_data.htm.
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Figure 9 SSI timeseries in the
UV. Top and bottom panels show
daily absolute UV values in
278 – 288 nm (containing the
Mg II doublet), and 380 – 390 nm
(containing the Ca II doublet),
respectively. Each panel shows
daily (dots) and 81-day smoothed
(solid line) values. Except for
SUSIM and SIM, all timeseries
extend from November 1978 to
July 2005.
double peak with a smaller maximum peak. With regard to variations from solar minimum
to maximum, the SIP/Solar2000 model shows the lowest amplitude especially in the second
UV interval at around 385 nm. One should keep in mind that over a solar cycle all satellites
show changes in the near UV well below 1%, which is below the long-term stability of any
satellite instruments. Nevertheless, good qualitative agreement is seen in the satellite data
sets. In the vis-IR regions (Figures 10 – 12), amplitudes of variability appear to get smaller
and smaller from short to long wavelength regions for all data shown.
In the vis-IR intervals, only NRLSSI remains in-phase with the solar cycle with possible
exception in the 1550 – 1560 nm wavelength interval. This may be attributed to the way the
absolute magnitude of the integrated spectra is constrained to agree with the actual bolo-
metric TSI observations (Lean et al., 2005). In the visible region, the sunspot darkening and
facular brightening contribution is nearly canceling in the SCIA proxy model, indicating
no clear phase relationship with the 11-year solar cycle. The SATIRE model is similar to
With kind permission from Springer Science+Business Media B.V.
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Figure 10 SSI timeseries in the
visible range. (Top) 480 – 490 nm
and (bottom) 655 – 665 nm
containing the Hβ and Hα
Balmer absorption lines,
respectively.
NRLSSI being in-phase in the visible. In the near-IR, SCIA proxy appears to be out-of-
phase in both intervals (Figure 12), while SATIRE appears only out-of-phase at the longer
wavelength interval near 1555 nm. As shown in Figure 14 below, these differences in the
phasing with solar cycle will result in low correlation coefficients at longer wavelengths
between the various data sets.
By considering only the timeseries of solar proxies during the years 1972 – 2008 (cf.
Figure 1), the last solar cycle is the weakest among the three. This is seen in Figures 3 and 4
and also in Figures 9 – 12. In terms of the contribution of UV variability to TSI variability,
Table 3 shows that Solar Cycle 23 has the lowest UV contribution. This is consistent with
results, for example, by Willson and Mordvinov (2003), de Toma et al. (2004), Wenzler
et al. (2006), Fröhlich (2009), and Wenzler, Solanki, and Krivova (2009), using other solar
activity indicators.
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Figure 11 SSI timeseries in the
NIR range. (Top) 920 – 930 nm
and (bottom) 1080 – 1090 nm
containing the He I multiplet.
As SIM covers only the time period 2004 – 2008, only its behavior during the descending
phase of Solar Cycle 23 can be characterized. In general, SIM shows a more negative trend
in the UV spectral region than all other data, while in the visible region SIM shows an
opposite trend. SIM’s trend in the vis region (Figure 10) is opposite to the other solar data.
SATIRE and SCIA proxy are in agreement with SIM’s trend in the SWIR (Figure 12) but in
the NIR region only the SCIA proxy agrees (Figure 11).
Figure 13 shows the 22-year (1978 – 2005) solar mean and standard deviation as a func-
tion of wavelength for all data sets. The mean (top panel) and standard deviations (bottom
panel) are computed using different statistics, namely, ordinary (solid line) and robust (solid
dashed dot line) statistics. Ordinary statistics are calculated based on minimizing square of
differences. Robust statistics are calculated using mean deviates and adjustable weights to
remove outliers. Here, mean deviates with bisquare weighting are used to calculate the ro-
bust mean. Two bisector fits x versus y and y versus x are used to determine the distance to
With kind permission from Springer Science+Business Media B.V.
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Figure 12 SSI timeseries in the
SWIR range. (Top)
1320 – 1330 nm and (bottom)
1550 – 1560 nm near the opacity
H− minimum.
the slope in each dimension under the assumption that there are no independent variables.
The weights are then determined using Tukey’s biweights (Hoaglin, Mosteller, and Tukey,
1983). Outliers receive less weights than points close to the respective slopes, or zero weight.
Using these new weights mean deviates, standard deviation, and correlation are determined.
There are no noticeable differences between the solar mean irradiances (cf. top panel
of Figure 13) except for some very small deviations at certain wavelength intervals such
as the 300 – 500 nm region, and a few wavelengths in the IR. For example, the DeLand &
Cebula composite is highest in 320 – 400 nm. The DeLand & Cebula composite has been
normalized to the Thuillier et al. (2004) reference spectrum, which determines their absolute
scale. SATIRE is lowest about 330 – 520 nm. SCIA proxy is highest from 670 – 1100 nm,
where NRLSSI and SATIRE agree well for most part. The good agreement in the visible
and near-IR between SATIRE and NRLSSI comes from the fact that for this wavelength
region similar representative solar spectra are used in the modeling. The absolute scale of
With kind permission from Springer Science+Business Media B.V.
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the SATIRE and NRLSSI depend on their normalization (filling factor) for a best match
to TSI timeseries (Krivova et al., 2009; Krivova, Solanki, and Unruh, 2011). Overall, there
are significant deviations (10 – 20%) among the solar data in the UV, while good agreement
(less than 5%) in the vis-IR regions exists.
In the bottom panel of Figure 13, large differences in the standard deviation about the
mean occur at about 250 – 420 nm and in the IR at about 850 – 1680 nm. NRLSSI, SATIRE,
and SCIA proxy seem to be in good agreement from 450 to 850 nm. In the UV, among the
SSI data considered, the SIP model shows the lowest variations with solar cycle. In contrast,
the DeLand & Cebula composite and SUSIM are the highest among the SSI data. SUSIM
is maximum at about 250 – 310 nm and the DeLand & Cebula composite at 320 – 380 nm.
In the vis-IR, there is an overall agreement between SATIRE and SCIA proxy across the
wavelength range except at 900 nm, where SCIA proxy is maximum.
Standard deviations of each data set as shown in the bottom panel of Figure 13 are com-
puted using ordinary statistics (least squares, solid line) and robust statistics (least absolute
deviation, solid dashed-dot line). The larger the deviations between the two standard devia-
tions are, the more contaminations from outliers.
Figure 14 shows correlation coefficients as a function of wavelength. Correlations are as
high as 0.75 in the vis-NIR regions, while it ranges from 0.25 – 0.95 in the UV and 0.12 –
0.60 in the SWIR. In general, due to the disagreements in the phasing with solar cycles,
there is an overall decrease of correlation toward long wavelengths.
Each data set show significant differences in robust and ordinary standard deviations in
different wavelength regions. For example, in the UV, largest deviations are seen in the De-
Land & Cebula composite while other solar data show no deviations. The larger differences
seen in the DeLand & Cebula composite are due to additional errors that come from the
merging procedure of the various irradiance data sets. All other data sets rely more on proxy
data that are generally more precise. In the vis-IR, deviations reach maximum at different
wavelengths, e.g., SCIA proxy at about 1150 nm, SATIRE at about 1350 nm, and NRLSSI
at about 1550 nm. The SCIA proxy shows a factor of two to four larger deviations than
SATIRE and NRLSSI in the NIR.
Figure 15 shows a scatterplot corresponding to the timeseries in the 1550 – 1560 nm
interval shown in Figure 12, which is representative of SSI variability in SWIR range. Shown
in this figure are scatter plots that are grouped vertically from left to right with respect to
SCIA proxy, SATIRE, and NRLSSI, respectively. From this scatterplot, we calculate, using
ordinary and robust statistics as summarized in Table 2, mean, standard deviation about the
mean, and correlation. While the means in the 1550 to 1560 nm spectral range do not differ
largely, the standard deviations are quite different. The standard deviations over two solar
cycles (1978 – 2005) are doubled for SATIRE and four times larger for the SCIA proxy as
compared to NRLSSI. Differences appear when ordinary and robust statistics are used to
calculate standard deviations and correlations between data sets. When the x and y values
are interchanged in the statistical analysis, we found no significant differences when using
ordinary statistics or robust statistics, except between NRLSSI and SATIRE in the robust
case. This can be particularly seen in the angle change from unity slope (45 degree) in the
scatter plot, which changes significantly when interchanging axes for NRLSSI and SATIRE
(see Table 2).
4.1. Eleven-Year Timescales
So far we compared SSI variability on daily timescales. Now we quantify how the SCIA
proxy changes from solar minimum to solar maximum in the 11-year solar cycle timescales
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Figure 13 From top to bottom: mean SSI, percent difference with respect to NRLSSI, SATIRE, and SCIA
proxy; and standard deviation about the mean. Except for SUSIM, which covers only the years 1991 – 2005
(at common 4441 days), the quantities are calculated from the entire satellite era (1978 – 2005), at common
9759 days to all SSI data. Standard deviations using ordinary in least squares sense (solid line) and robust in
least absolute deviate sense (dot-dashed line) are shown in the bottom panel.
with respect to the other SSI data. We determine the percent change (Equation (4) for Solar
Cycles 21 – 23). These are shown in Figures 16 and 17. Solar minima and solar maxima
are defined by extrema in the 81-day smoothed Mg II index (top panel of Figure 1). The
irradiances or solar proxies are then averaged over 81 days about the solar maximum and
minimum dates.
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Figure 14 Correlation coefficients as a function of wavelength. In both ordinary (solid) and robust (dashed)
definitions, we show ρ2xy as a function of wavelength with respect to NRLSSI (top), SATIRE (middle), and
the SCIA proxy (bottom).
Different estimates of the Sun’s UV irradiance to TSI exist in the literature and are briefly
reviewed in Krivova, Solanki, and Floyd (2006). From Figure 16, we can derive the percent
variation of TSI that is due to UV. In particular, we integrate SSI to obtain Fλ over the
wavelength intervals, 250 – 300 nm, and 300 – 400 nm. Using 81-day average TSI values
from PMOD/WRC9 at the same solar cycle extrema dates as used for the SSI data, the
changes of TSI during the 11-year solar cycle, Ftot, can be calculated during Cycles 21 –
23, which are 0.949 W m−2, 0.838 W m−2, and 1.382 W m−2, respectively. The percent
UV variation is summarized in Table 3. Among these intervals, the 300 – 400 nm interval
contributes the most (i.e., more than 50%) to the solar cycle change of TSI. This is observed
only by SATIRE10 in Solar Cycles 21 and 22, and by the DeLand & Cebula composite and
SUSIM in Solar Cycle 23. It should be noted that SUSIM has a long-term uncertainty that
is comparable or exceeds SSI variability between solar maximum and minimum (Krivova,
Solanki, and Floyd, 2006). Other solar data give less than 40% TSI contribution in the near
UV. The normalization problem in the NOAA-9 data leads to larger near UV irradiance
change in Solar Cycle 22 compared to other data.
9See ftp://ftp.pmodwrc.ch/pub/data/irradiance/composite/DataPlots/ext_composite_d41_62_1007.dat.
10Krivova, Solanki, and Floyd (2006) used different solar extrema dates Oct – Nov 1996 and Apr – May 2000,
i.e., different levels of solar activity, which may contribute to different estimates of percent variation of TSI
that is due to UV.
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Figure 15 Scatter plots of SSI
timeseries in the SWIR range.
Grouped vertically from left to
right are scatter plots with respect
to SCIA proxy, SATIRE, and
NRLSSI, respectively.
In the UV, the SIP model (or Solar2000) appears to show the lowest variability in Cycles
22 and 23. NRLSSI’s variability is slightly higher than SIP. SATIRE and SCIA proxy agree
well with each other except at 300 – 400 nm, where SATIRE is higher than SCIA proxy. In
the vis-IR, NRLSSI and SATIRE agree with each other. The SCIA proxy is here lower than
the two other data, oscillates around zero from 450 – 750 nm and dips to negative values
above 750 nm. The dip in the SCIA proxy at 750 – 850 nm is probably due to the aluminum
surface on mirrors in SCIAMACHY (Pagaran, Weber, and Burrows, 2009). The other dip is
observed in the 1370 – 1570 nm interval near the H− opacity minimum, where both sunspots
and so-called dark faculae contribute to lower irradiances at solar maximum (Solanki and
Unruh, 1998; Unruh et al., 2008). Both SATIRE and the SCIA proxy reproduce this dip, but
NRLSSI does not. Above 1570 nm, only SCIA proxy shows an increase from − 0.14% to
near zero values. This rise is not evident in NRLSSI and SATIRE.
Harder et al. (2009) reported on irradiance changes in selected spectral regions during
the descending phase (April 2004 to November 2007) of Solar Cycle 23. Bottom subpanel
of Figure 18 shows the irradiance changes using ten-day average from 21 April to 01 May
2004 (〈Pa(t)〉  0.2688) and 05 to 14 November 2007 (〈Pa(t)〉 ∼ 0.2636). The four spectral
regions shown are 240 – 400 nm, 400 – 691 nm, 691 – 972 nm, and 972 – 1600 nm, represent-
ing the UV, vis, NIR, and SWIR regions, respectively. Since the SCIA proxy has a data gap
at 950 – 1070 nm (cf. Figure 1), the NRLSSI or SATIRE model was scaled to the SCIA proxy
near the two boundaries of the gap and then added to fill this gap. Similarly the irradiance
change during the descending phase for Cycles 21 and 22 can be determined for the other
solar data sets used in this study, cf. top and center subpanels of Figure 18, respectively. The
periods for Solar Cycles 21 and 22 are chosen such that Mg II index changes are similar to
Solar Cycle 23, as shown in Figure 18.11
11This period is between 25 October to 03 November 1983 and 01 to 10 July 1986 for Solar Cycle 21 and
between 28 January to 06 February 1994 and 14 to 23 August 1996 for Solar Cycle 22.
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Table 2 Ordinary and robust statistics of SWIR SSI timeseries. The quantities below are computed from the
bottom panel of Figures 12 (excluding SIM) and 15.
Quantity Mean Std. dev.
×1 W nm−1 m−2 ×10−5 W nm−1 m−2
SWIR Ordinary Robust Ordinary Robust
timeseries
NRLSSI 0.267 0.267 3.55 2.09
SATIRE 0.265 0.265 5.84 5.82
SCIA proxy 0.264 0.264 13.1 12.3
Quantity Correlation
SWIR Ordinary Robust
timeseries
x\y NRLSSI SATIRE SCIA NRLSSI SATIRE SCIA
proxy proxy
NRLSSI 1.00 0.55 0.77 1.00 0.33 0.55
SATIRE 0.55 1.00 0.90 0.58 1.00 0.95
SCIA proxy 0.77 0.90 1.00 0.76 0.94 1.00
Quantity Angle with respect to unity slope [degrees]
SWIR Ordinary Robust
timeseries
x\y NRLSSI SATIRE SCIA NRLSSI SATIRE SCIA
proxy proxy
NRLSSI 45.00 2.85 25.71 45.00 16.02 31.29
SATIRE 26.47 45.00 18.75 18.21 45.00 18.91
SCIA proxy 33.14 23.09 45.00 31.96 18.96 45.00
During the descending phase of Solar Cycle 23, SIM shows more than four times larger
changes in the UV compared to the models (SCIA proxy, SATIRE, and NRLSSI), which is
similar to what we found in Figures 9 – 12 on daily timescales. SATIRE and NRLSSI have
comparable Fλ values in the vis-IR and are (about three times) larger than the SCIA proxy.
SIM shows in the vis an opposite trend with respect to SCIA proxy, SATIRE, and NRLSSI.
Also the absolute magnitude of the change in the visible is about more than twice larger than
for the other data. In the SWIR, NRLSSI and SATIRE, which are both positive, the changes
are comparable in magnitude. The SCIA proxy and SIM are negative in this region. Among
the three models, only SCIA proxy reproduce the negative sign or out-of-phase signature
in SWIR in agreement with SIM. In Solar Cycle 22, the DeLand & Cebula composite and
SUSIM measurements show Fλ in the UV by a factor of 2 – 3 larger compared to the
models. They are almost half that of SIM in Cycle 23. In the vis-IR, all models show a
non-negative Fλ in both Cycles 21 and 22.
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Figure 16 Comparison of
eleven-year percent UV changes
between solar maximum and
solar minimum of Solar Cycles
21 (top), 22 (middle), and 23
(bottom), respectively.
2σ uncertainty is only shown for
the SCIA proxy model.
Table 4 shows SSI total flux changes over the range 240 – 1600 nm and changes
from various TSI data during Solar Cycle 23. From this table, we can see that NRLSSI
(+ 0.432 W m−2) is constrained to agree with TSI from TIM/SORCE (+ 0.495 W m−2)
(Lean et al., 2005). Similarly, SATIRE, whose free parameter Bsat value is derived from a
VIRGO TSI timeseries fit, has a numerical value (+0.578 W m−2) almost equal to TSI from
VIRGO/SOHO. The SIM degradation corrections included a correction to match the SIM
integrated SSI trends to the TIM TSI long-term trend (Harder et al., 2009). For the spec-
tral region 240 – 1600 nm the integrated SSI change is a bit smaller than TIM TSI change,
similar to the other models which have lower changes than seen in the corresponding TSI
used to constrain them. The SCIA proxy, which was not constrained to the TSI shows much
smaller changes in the 240 – 1600 nm spectral interval during the descending phase of Solar
Cycle 23.
Figure 18 and Table 4 may be considered as an expanded view of Figure 3 in Harder et al.
(2009), including different data sets and including comparisons to Solar Cycles 21 and 22.
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Table 3 Percent UV variation of Solar Cycles 21 – 23. Column (1) lists the solar data used in this study,
cols. (2) – (5) the wavelength intervals 250 – 300 nm, and cols. (6) – (7) 300 – 400 nm; in each column the UV
changes Fλ with respect to solar cycle changes in TSI, Ftot, between solar maximum and minimum of
Solar Cycles 21 – 23 are indicated. We use Ftot from PMOD/WRC TSI that starts from 1976 to present.
Using the same dates of extrema used in solar proxies (see Figure 2), the TSI changes, Ftot, during cycles
21 – 23 are 0.949 W m−2, 0.838 W m−2, and 1.382 W m−2, respectively.
λ interval: 250 – 300 nm [%] 300 – 400 nm [%]
Solar Cycle 21 22 23 21 22 23
SCIA proxy 15.4 16.6 11.0 39.4 41.8 29.8
NRLSSI 11.5 12.7 9.0 23.0 26.1 21.1
SATIRE 17.8 18.5 11.8 54.5 56.2 38.5
SIP/Solar2000 9.1 5.9 18.3 12.8
DeLand & Cebula 20.2 12.9 132.4 55.9
SUSIM 12.5 52.2
Figure 17 Same as Figure 16,
except for the vis-IR spectral
regions (390 – 1680 nm).
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Figure 18 Top to bottom panels
show the change of SSI during
the descending phase of Solar
Cycles 21 – 23, respectively. The
bar chart compares the irradiance
change from near solar minimum
to near solar maximum at
selected dates during the
descending phase of each solar
cycle. The dates are chosen in
such a way that the differences
between the ten-day averaged
Mg II index values are about the
same in each solar cycle.
5. Discussion
The majority of the solar data considered here are based upon empirical models or a proxy
model where solar proxies were scaled to observations in a limited time period. These mod-
els are in certain ways similar, since they assume irradiance variability to originate from
competing bright faculae and dark sunspots related to magnetic surface activity on the Sun.
SATIRE and the SCIA proxy include both faculae and sunspot components for the entire
wavelength region from UV to near-IR. The SIP and UV portion of NRLSSI use only the
faculae term F10.7 cm flux, or the Mg II ctw ratio, to describe the SSI variation. Their
low amplitudes of absolute and relative UV variability, as we have found, may be due to
the use of a single proxy in modeling irradiances. Only results from SUSIM/UARS and
SIM/SORCE SSI are derived from direct measurements and from a single instrument. The
DeLand & Cebula composite is also derived from direct measurements but from several in-
struments and platforms. The merging approach in the DeLand & Cebula composite makes
this long-term data set independent of any proxy data and index. This data set may not be
perfectly homogenized, but it can be intercalibrated using the F10.7 cm flux (Lockwood
et al., 2010).
With kind permission from Springer Science+Business Media B.V.
125
184 J. Pagaran et al.
Table 4 Changes in integrated
SSI between 240 and 1600 nm
and TSI from November 2007
(near solar minimum) to April
2004 (two years after solar
maximum of Solar Cycle 23).
SSI data Fλ [W m−2]
NRLSSI +0.432
SATIRE +0.578
SCIA proxy +0.147
SIM/SORCE +0.322
TSI data F [W m−2]
PMOD/WRC vd41.61 +0.588
VIRGO/SOHO v6 +0.576
TIM/SORCE v12 +0.519
Dudok de Wit et al. (2009a) have shown by using their multiscale approach that a single
proxy modeling is not sufficient to properly model UV irradiances. Regarding the use of
F10.7 cm flux in the SIP model and the Mg II index in NRLSSI, we have found that the
latter gave higher amplitudes of UV variability than the former, confirming that the Mg II
index is a more suitable facular brightening proxy than F10.7 cm flux (Viereck et al., 2001).
Similar to the SIP and NRLSSI models, the SCIA proxy is based on solar proxies. It uses
the Mg II index for facular brightening and PSI for sunspot darkening. By contrast, SATIRE
has more than two components, which also include sunspot umbrae and penumbrae and
the bright network. While the latter model (SATIRE) calculates its irradiances from a solar
atmosphere model, the former models (SCIA proxy, NRLSSI, SIP) rely on transforming a
change of proxies to changes of irradiance as a function of wavelength, assuming linearity.
This assumption is challenged by the results from the short timeseries from SIM. In general,
Figure 18 suggests that proxy-based models and SATIRE not only gave smaller magnitude
of variability across the UV-vis-IR spectral regions than SIM but also gave a different sign
(or phase) of variability especially in the vis-IR regions (Garcia, 2010; Gray et al., 2010;
Haigh et al., 2010).
SATIRE (Unruh, Solanki, and Fligge, 1999; Fligge, Solanki, and Unruh, 2000) derives
its basic intensities from a more physics-based solar atmosphere model (Kurucz ATLAS9
(Kurucz, 1993)). The rest of the models (SIP, NRLSSI, and SCIA proxy) rely on direct irra-
diance observations, i.e., SOLSTICE aboard UARS in SIP and NRLSSI, and SCIAMACHY
in SCIA proxy. While SIP and NRLSSI use the same UV data (SOLSTICE/UARS) to model
irradiances, the differences between them may be mainly coming from the use of different
faculae proxies (F10.7 cm in SIP and Mg II in NRLSSI). Differences between the proxy
models may also come from the different time periods that were used to derive the scaling
factors for the solar proxies. For instance, the scaling in the SCIA proxy model was derived
during the two year period 2003 – 2004, which included the record sunspot darkening during
the Halloween storm (October 2003). This may explain the larger dark faculae contribution
in the SCIA proxy model as compared to NRLSSI. SATIRE derives the SSI variability from
continuum images and magnetograms via the filling-factor approach, the rest of the models
from proxies.
Among the SSI data considered that cover the UV-vis-IR spectral range, only the SCIA
proxy model is not constrained to agree with the measured TSI. The total solar flux
of SATIRE and NRLSSI in the 240 – 1600 nm spectral range is close to the TSI from
TIM/SORCE and VIRGO/SOHO, respectively, which were used to constrain the models.
While NRLSSI constrains its total flux from 120 to 100 000 nm to the bolometric TSI,
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which is a direct TSI constraint; SATIRE, on the other hand, derives its saturation magnetic
field strength Bsat from a fit to VIRGO TSI timeseries; an indirect TSI constraint. Whether
TSI provides a useful constraint for SSI recalibration remains debatable. Without TSI con-
straints, the SCIA proxy model shows smaller total flux changes in the 240 to 1600 nm
spectral range than the other data during Solar Cycle 23.
6. Summary and Conclusions
The SCIA proxy model derives the faculae and sunspot contribution by fitting solar proxies
to two years of SCIAMACHY solar data. The solar proxies are then used to extrapolate
linearly SSI variations on 11-year solar cycle timescales. In this paper, we applied the SCIA
proxy model to reconstruct daily UV-vis-IR SSI (Figures 3 – 4) in the 240 – 1600 nm (with a
gap in 975 – 1070 nm) from November 1972 to January 2008. Changes of SSI between solar
minimum and solar maximum of Solar Cycles 21 – 23 have been investigated (Figures 5 – 8).
We compared the SCIA proxy SSI variability on daily (Figures 9 – 12) and 11-year
timescales (Figures 16 – 17) with UV data from SUSIM, and the DeLand & Cebula com-
posite (SSAI), and model data from SIP/Solar2000, NRLSSI, and SATIRE. About 10 – 20%
differences in the multi-annual mean (1978 – 2005) between the data sets are found in the
UV, and good agreement, i.e., less than 5%, in the vis-IR (cf. second to fourth panels from
top of Figure 13). Differences in standard deviations over the entire period 1978 – 2005 are
about + 1 mW m−2 nm−1 and + 0.05 to + 0.5 mW m−2 nm−1 in the UV and IR, respec-
tively. Correlations between the data sets are as high as + 0.75 in the vis-NIR regions, while
they range from 0.25 – 0.95 in the UV and 0.12 – 0.6 in the SWIR. The SCIA proxy has a
moderate correlation of + 0.5 from 750 to 1350 nm.
Except for the DeLand & Cebula composite in Solar Cycle 22, percent differences in the
UV between solar maximum and solar minimum (cf. Table 3) are in close agreement for
Solar Cycles 21 – 23 for all data. The DeLand & Cebula composite consisting of different
SBUVs data show some inhomogeneity (jumps) that resulted in larger differences for Solar
Cycle 22 (see Figure 9). The SIP/Solar2000 and NRLSSI cases may be due to the use of a
single proxy in the UV irradiance modeling. The SCIA proxy shows intermediate variability
in the UV. In the vis-IR, NRLSSI and SATIRE solar cycle variabilities agree with each other,
while SCIA proxy shows the lowest variations across the vis-IR range; the latter may be due
to overestimation of the sunspot darkening component. Only the SATIRE and SCIA proxy
reproduce the negative dip near the H− opacity minimum (∼ 1555 nm), while NRLSSI
does not. All models (NRLSSI, SATIRE, and SCIA proxy) show that Solar Cycle 23 is the
weakest among the last three solar cycles. During the descending phase of Solar Cycle 23
(cf. Figure 18), measurements from SIM show changes in SSI larger in magnitude (UV
and vis) and opposite trends in the vis-IR spectral regions compared to the models. In the
SWIR, SIM and SCIA proxy changes are out-of-phase with the solar cycle in contrast to
NRLSSI and SATIRE, but the magnitudes of the changes are smaller for the SCIA proxy
than for SIM. During the same period (cf. Table 4), the change of total flux (240 – 1600 nm)
is smaller for the SCIA proxy model than for the other data, which were constrained to agree
better with TSI.
The knowledge of spectral irradiance over several decades and even over a longer period
back in time with temporal resolution from days to decades is important in assessing the role
of the magnetically active Sun played in climate variability and change. Our effort in evalu-
ating the wavelength dependence of irradiance variability over several decades, especially in
the long wavelength regions (above 300 nm), is a starting point in reconstructing irradiance
With kind permission from Springer Science+Business Media B.V.
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backwards in time (if not realistic but at least representative). Using recent measurements
and linear extrapolation using solar proxies remains one of the indispensable and straight-
forwardly used tools in reconstructing spectral irradiance. However, if SIM’s magnitude and
trend in SSI variability during its current operation are not to be taken provisional (Garcia,
2010; Gray et al., 2010), then we need to find an alternate route to modeling UV-vis-IR
spectral irradiances. What remains certain is that despite the limitation from the difficulty
in absolute solar spectroscopy the direct irradiance variability measurements, now available
above 400 nm, will form a valuable basis for the reconstruction of past and future spectral
irradiance.
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Chapter 6
Conclusions
6.1 Concluding remarks
Advances in global observations of atmospheric composition and solar output from dif-
ferent satellite platforms may provide a better understanding of the sun-climate link and
solar magnetism. The key quantity is the solar spectral irradiance. In this thesis, its vari-
ability is quantified over several 27-day solar rotation and several 11-year solar cycle
timescales. The 27-day variability is quantified based on direct UV-vis-IR (from 240 to
1600 nm) measurements from SCIAMACHY aboard ENVISAT. The 11-year variability
is estimated by scaling SCIAMACHY observations to changes of solar proxies over a
solar cycle. While in the past most studies are focused on the ultraviolet (UV) spec-
tral region, today’s challenge are the quantification of spectral irradiances longer than
400 nm, i.e., in the visible (vis) and near-infrared (NIR). Regular measurements in the
latter regions have only become available very recently with SCIAMACHY (and SIM).
While the UV variations are large, the vis-IR variations are tiny. They are between
0.2% and 0.4%, which are below the levels of uncertainty of present-day detectors
including SCIAMACHY. Relative accuracy is higher than absolute accuracy, however,
instrument anomalies and optical degradation make it difficult to maintain stability over
a long period of time. The use of solar proxies and empirical instrument corrections
may circumvent this problem.
After providing introductory chapter, the second chapter briefly reviews the direct mea-
surements and empirical studies of the sun’s radiative output emphasizing the wave-
length dependence of solar irradiance. Then corresponding to three separate published
manuscripts, the next three chapters are provided: (1) solar measurements from SCIA-
MACHY and compared them to other available solar reference data from ground, bal-
loon, and space; (2) parameterization of these measurements in terms of solar proxies;
and (3) reconstruction of spectral irradiances during the most recent solar cycles, the
solar cycles 21 to 23. The scaling factors for the solar proxies form part of the SCIA
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proxy model. They are determined from fits to SCIAMACHY observations over several
solar rotations in 2003–2004, the early years of SCIAMACHY operations that coincide
with the solar maximum of cycle 23. These fits included corrections for instrument
degradation and anomalies. The SCIA proxy model allows the changes of spectral irra-
diance from short (several 27-day solar rotations) to long (several 11-year solar cycle)
timescales to be quantified. Comparisons to existing reference and timeseries of ir-
radiance data over these time scales are made to assess the quality of SCIAMACHY
measurements and reconstructed past irradiances from the SCIA proxy model. The
irradiance variability during solar cycles 21 to 23, and the entire satellite era are quanti-
fied. To discuss latest results from the relatively short timeseries from SIM, the variabil-
ity during the descending phases of solar cycles 21, 22, and 23 are also quantified. The
irradiance trends from SIM during descending phase of solar cycle 23 (2004–2008) are
not in agreement with proxy-based and similar empirical models, in which among them
the SCIA proxy model. These models assume that magnetic activities on the surface
of the sun are the main driver for SSI variability. The opposite trends shown by SIM
as compared to irradiance models have severe implications not only for reconstructing
past irradiances but also on assessing the influence active sun on the terrestrial atmo-
sphere and, possibly, climate. There is a need for additional direct measurements of
irradiance trends (rather than modeled) to confirm (if not disprove) SIM observations
for other solar cycles.
6.2 Other open questions
Apart from the issue of the validity of empirical models in reconstructing proper long-
term irradiance trends, several other open questions are of interest for further studies.
• How much solar variations take place in spectral regions above 1600 nm?
So far the UV and vis-IR spectral regions up to 1600 nm have been intensely
explored but the spectral region above 1600 nm, where the principal absorption
bands of carbon dioxide, methane, and water vapor occur, is left unexplored. With
some larger gaps, SCIAMACHY spectral coverage extends up to 2400 nm. Due
to ice layer building up on top of the cylindrical lens covering the channel 7 and
8 detectors, these channels have reduced throughput by almost 80% [Gottwald
et al., 2011]. Therefore, quantification of natural solar irradiance variability in this
spectral region is difficult, if not, impossible to obtain. From SIM direct observa-
tions [Harder et al., 2009, 2010] a roughly 10% contribution of the spectral region
above 1600 nm to TSI are derived, which needs to be confirmed. The variability
in this region is at most few parts in 103 to 104, far below the noise-level of state-
of-the-art radiometers. Detecting variability in this region remains a challenge.
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• How to correct models that overestimate sunspot darkening?
Differences between models and observations indicate some potential defi-
ciencies in models. For instance, the quality of solar Ca II K images and the
lack of a description of penumbras and pores may impact SRPM spectral syn-
thesis model results [Fontenla et al., 2004]. The SCIA proxy seems to also not
adequately describe the irradiance enhancement, suggesting overestimation of
sunspot contribution [Fro¨hlich et al., 1994] in the entire visible/IR or in selected
regions, e.g. dark faculae. Using proxies to reconstruct past irradiances provides
also a mean to test the quality of solar images, the robustness in classification of
surface features from the solar images, and the sensitivity of the proxy to capture
solar variability.
• Is the reported SIM irradiances during the descending phase of cycle 23 of solar
origin or an instrumental artefact?
The fairly short timeseries of SIM/SORCE shows a steeper decreasing (in-
creasing) trend in the UV (vis) than the other data during the descending phase of
solar cycle 23. Though considered only provisional [Gray et al., 2010], the oppo-
site trend seen in the visible spectral region of SIM data challenges the validity of
reconstructing past spectral irradiances in models that are based on proxies (e.g.
application of linear extrapolation) like NRLSSI and SCIA proxy, and based on so-
lar magnetic images like SATIRE. Also the absolute magnitude of the change in
the visible spectral region is about more than twice as large than the other data.
In the SWIR, NRLSSI and SATIRE, which are both positive, are comparable in
magnitude. The SCIA proxy and SIM are negative in this region. If SIM data
would turn out to be the truth, alternative ways have to be suggested on how we
can better formulate irradiance models based on proxies. Proxy-based spectral
irradiance models remain the most straightforward and simple manner to estimate
irradiances in particular during periods when no direct irradiance measurements
are available.
• Does TSI provide a useful constraint for SSI recalibration?
During the descending phase of solar cycle 23, the total solar flux of SATIRE
and NRLSSI in the 240–1600 nm spectral range is close to the TSI from TIM/-
SORCE and VIRGO/SOHO, respectively, which were used to constrain the mod-
els. In the NRLSSI model [Lean et al., 1997, 2005], the total flux from 120 to
100000 nm is constrained in a direct manner to the bolometric TSI. SATIRE
[Krivova et al., 2003, 2006], on the other hand, derives its saturation magnetic field
strength Bsat from a fit to VIRGO TSI timeseries, an indirect constraint. Among
the three models (SATIRE, NRLSSI, and SCIA proxy), the SCIA proxy is not con-
strained to the TSI. The latter model shows lower changes in the 240–1600 nm
spectral interval during the descending phase of solar cycle 23. The question
arises as to how important is the contraint to match TSI measurements?
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6.3 Future perspectives
Finally, we conclude this thesis by providing a brief outlook to future work. These sug-
gestions are meant to be non-exhaustive.
TABLE 6.1: WMO recommended spectral bands for GCMs. This table shows the
name of the bands (Col 1), typical abbreviation (Col 2), absorbing gas and altitude of
absorption (Col 3), number of intervals (Cols 4 to 12) modeled and ratioed. Model is
made by parametrizing SSI data from GOME, SCIAMACHY (SCIA), SOLSTICE and
SIM (SOL/SIM) in terms of proxies. Bottom row indicate method A for proxy-based
parametrization and B for direct ratio. Solar cycle are also indicated.
• Alternative radiation scheme for Climate Chemistry Models (CCMs) of middle at-
mosphere.
Periodic changes of spectral irradiance during the solar cycle affect the chemical
composition and thermal structure of the middle atmosphere. SSI data that span
more than several decades equivalent to the length of several solar cycles can
be used as inputs to chemical climate models (CCMs). The SCIA proxy model is
created at 10 nm wavelength intervals. Because the spectral resolution of SCIA-
MACHY is moderately high, it can be degraded to intervals of arbitrary width, for
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example, at radiation intervals relevant for atmospheric chemistry as proposed by
WMO. These WMO radiation intervals are summarized in Table 6.1. The SCIA
proxy model [Pagaran et al., 2009, 2011b] has been used as one of solar flux
input data sets in an experiment involving the FUBRaD SW (Freien Universita¨t
Berlin shortwave) radiation scheme. This is described in Oberla¨nder et al. [2012].
The other data sets were SATIRE [Krivova et al., 2003, 2006] and NRLSSI Lean
et al. [1997, 2005]. Due to slightly enhanced fluxes in the Hartley bands, the
SCIA proxy model showed slight solar heating enhancement in the mesosphere
compared to the other datasets. See Appendix C.3.
• Comparison of SRPM to SCIAMACHY over several solar rotations.
The Solar Radiation Physical Modeling [Fontenla et al., 1999], or SRPM spec-
tral synthesis is a set of tools designed to understand the physics of the solar
atmosphere by studying the solar spectra. Using semi-empirical models it cal-
culates SSI taking into consideration well-understood physical processes with a
great level of detail in atomic and molecular species, ionization stages, levels,
and lines. It is a state-of-the-art radiative transfer code in full non-local thermo-
dynamic equilibrium (NLTE) calculations, detailed radiative losses, apart from the
modules for computing the emitted spectrum. SSI calculations from SRPM that
are based on the observations of the magnetically heated solar surface features
and the physical models built into them can be compared to SCIAMACHY obser-
vations over several rotational cycles. The comparison aims at improving our un-
derstanding of the physics in the solar atmosphere and extending previous works
of Fontenla et al. [2004] and Fontenla and Harder [2005] to consider also other
wavelength bands (most especially in vis-IR spectral regions) at a higher spectral
resolution, which is, for example, available in SCIAMACHY SSI data but not in
SIM.
• Venus transit of June 2004 was observed by SCIAMACHY.
The Venus transit was observed in June 2004 by space-borne instruments not
only by SORCE [Kopp et al., 2005] and ACRIM [Schneider et al., 2006] but also
by SCIAMACHY after K. Chance made a special Operation Change Request or
OCR [Chance, OCR No: 016, 2004]. Rare transits of Venus provide astronomers
a test of extrasolar planet orbiting its parent star [Seager, 2008]. The Venus transit
[Ambastha et al., 2006] provides information on the planetary atmospheres and
surfaces. It provides an opportunity for Earth-bound space-borne instruments
to characterize the ingression and egression of Venus as a function of wave-
length and provide insights into the so-called “black-drop” effect, a distortion of
the planet’s silhouette as Venus gets close to the edge of the sun’s disk, see
e.g., Licchelli [2005]. All of these phenomena have profound implications for the
understanding of exoplanet transit.
135
Appendices
136
Appendix A
Supplementary Material
to Chapter 3 and Published
Manuscript I
A.1 Photometric and radiometric quantities
There are two approaches to describe the energy propagation of electromagnetic ra-
diation. They are the measurement of radiant energy (radiometry) and measurement
of light (photometry). They require radiometric (physical) and photometric quantities
(physiophysical, originally intended for perception of human eye), respectively.
The fundamental radiometric quantities and their corresponding photometric equiva-
lence are summarized in Table A.1.
TABLE A.1: Corresponding radiometric and photometric quantities. Adapted from
Rees [2001], page 115. In the context of the sun, see, for example, Wilhelm [2010].
Radiometric Unit Photometric quantity Unit
Radiant power watt (W) Luminous flux lumen (lm)
Radiant energy joule (J)= W s Luminous energy talbot =(lm s)
Radiant intensity W sr−1 Luminous intensity candela (cd)=lm sr−1
Radiance Luminance
Total radiance W m−2 sr−1 Total luminance cd m−2
Spectral radiance W m−2 nm−1 sr−1 Spectral luminance cd nm−1 m−2
Irradiance Illuminance
Total irradiance W m−2 Total illuminance lux =lm m−2
Spectral irradiance W m−2 nm−1 Spectral illuminance lux nm−1 =lm nm−1 m−2
The description of radiometric quantities below is adapted from Kopeika [1998], page
108.
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Radiant energy and power Electromagnetic radiation can be characterized in terms
of radiant energy, U , or by radiant energy density, u. The latter quantities are related
through the definition
u ≡ ∂U
∂V
, (A.1)
where V stands for volume.
For the description of radiometric quantities below, since radiant energy may vary si-
multaneously with wavelength, position, direction, polarization, and time, as well as with
volume, the quantities are expressed in terms of partial instead of total derivatives.
Radiant power (or flux),
P ≡ ∂U
∂t
, (A.2)
is the rate (per unit time t) at which radiant energy is transferred from one location
to another. This is on the assumption that P flows along non-interfering rays.
Radiance and irradiance In general, radiant power as it emanates is expressed in
a given direction from an extended surface, as it passes through components of an
optical system, or as it impinges on a detection device.
To tacke different situations, geometrical relations, the concept of radiant power in re-
lation to geometry involved must be defined. This is defined through a solid angle, one
of the most fundamental geometrical concepts. A solid angle, Ω, in units of steradians
(sr) subtended by a cone is given by the expression,
Ω =
a
r2
, (A.3)
where a is the area intercepted by the cone on the surface of a sphere of radius r.
The cone is the volume swept out when a straight line passing through a fixed vertex is
moved through every point on a closed, non-intersecting curve.
The following radiometric quantities utilize the concept of solid angle.
Radiant intensity,
J =
∂P
∂Ω
, (A.4)
is the radiant power radiated from a point source in a given direction per element
of solid angle dΩ. If a source is uniformly isotropic, i.e. it radiates equally in all
directions, P =

J dΩ = 4πJ , or J = P4π . For all practical purposes, many optical
sources can be regarded as point sources.
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Radiance,
N =
∂2P
cos θ ∂A ∂Ω
, (A.5)
is the radiant power per unit projected area, dA, of the source per unit solid angle,
dΩ, in a particular direction, which is taken to be the direction of the rays defining
dΩ. Here, θ is the angle between the outward surface normal of the elemental
area dA and direction of propagation. The term in the denominator is the elemen-
tal projected area, Ap, which is the component of the area normal to the direction
of propagation, or dAp = dA cos θ. See Figure A.1. The above radiometric quan-
tity applies when a radiation source cannot be considered as a point source. Its
radiating surface area must be taken into account.
Irradiance,
H =
∂P
∂Ar
, (A.6)
is the radiant power per unit area received by an elemental surface area Ar. This
radiometric quantity describes the flow of radiant power incident on or received
by an elemental surface area, Ar.
FIGURE A.1: Geometrical relation between radiating and projected radiating areas.
Adapted from Figure 3.3 of Kopeika [1998]
Frequently, the abovementioned radiometric quantities are also expressed as differen-
tial not only with respect to volume, time, area, solid angle, and/or direction, but also to
wavelength (or frequency, or wavenumbers). Expressing only in terms of wavelength,
the following are the spectral radiometric quantities.
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Spectral radiant intensity,
Jλ =
∂J
∂λ
=
∂2P
∂Ω ∂λ
. (A.7)
Spectral radiance,
Nλ =
∂N
∂λ
=
∂3P
cos θ ∂A∂Ω ∂λ
. (A.8)
Spectral irradiance,
Hλ =
∂H
∂λ
=
∂2P
cos θ ∂Ar ∂λ
. (A.9)
A.2 Setting-up the SCIAMACHY irradiance data
A.2.1 Static pixel mask
Static pixel mask for the whole SCIAMACHY spectral range is provided by SRON
(Netherlands Institute for Space Research).1 The mask defines which among the avail-
able detector pixels are included, or excluded as being degraded (‘dead’ or ‘bad’) pixels.
The mask used in this thesis is based on a measured spectra sometime in September
2006. It should be noted that the impact of high energy protons on the detector may
change the number of dead pixels with time. However, the choice of static pixel mask
ignores this fact, which is sufficient so far for the present data analysis of SCIAMACHY
irradiances. This is justified as this study focuses only on the early part of the mission
before 2006.
In Figure A.2 below, we show the static pixel mask in the spectral range 240–1680 nm
as used in this study.
A.2.2 Irradiance units conversion
The conversion of photonic units to energy units is obtained from the fundamental rela-
tionship of quantum energy
E =
hc
λ
(A.10)
where hc = 1.986445212595144 × 10−25 in units of J m or W m s.
1The mask can be obtained from the following link: http://www.sron.nl/index.php?option=com_
content&task=view&id=1612&Itemid=1443.
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FIGURE A.2: Static pixel mask (240–1680 nm). A value of 1 is assigned to a degraded
pixel (solid vertical line). Otherwise, a value of 0 is assigned. This mask is applied to
all daily spectra used in this thesis.
For a given spectral photon flux Nλ(λ), the conversion to spectral radiant flux Φλ(λ) is
given by the formula
Nλ(λ) =
λ
hc
Φλ(λ) (A.11)
or
Φλ(λ) =
hc
λ
Nλ(λ). (A.12)
If Nλ(λ) rovided in units photons per square centimeter per nanometer per second like
the SCIAMACHY irradiances, then the result has to be further multiplied by 104 cm2 per
1 m2 to obtain the desired units of Watts per square meter per nanometer.
A.2.3 Irradiance normalisation
to 1 AU mean sun-Earth distance
As the Earth revolves around the sun, the sun-Earth distance varies over the course
of the year causing the measured irradiance near the Earth to possess a seasonal
variation. It is a common practice to normalize irradiance data to the sun-Earth mean
distance of 1 AU.
The correction factor is given as a squared ratio of r and r0, the actual and sun-Earth
mean distance, respectively. r0 is equal to one astronomical unit (1 AU). The sun-Earth
mean distance due to the eccentricity of the Earth’s orbit is given by (see, for example,
Pielke, Sr. [2002, p. 234] and Zdunkowski et al. [2007, p. 9])r0
r
2
= 1.000110 + 0.034221 cos Γ + 0.001280 sin Γ
+0.000719 cos 2 Γ + 0.000077 sin 2Γ, (A.13)
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The correction factor varies as a function of the rotation angle Γ (in units of radians) as
given by
Γ =
2π
365.25
(J − 1) (A.14)
for a particular day of the year J , which is 1 for start of January and 365 for end of
December. The above expression has a maximum error of approximately 10−4.
The Earth’s orbit eccentricity is very small, about e = 0.0167 [Berger, 1977], so that
the elliptical path is nearly circular. With this eccentricity, the sun-Earth distance varies
from 14.7 × 107 km in January 3 (perihelion, r = 1.01671 r0) to 15.2 × 107 km in July 4
(aphelion, r = 0.98324 r0); the mean sun-Earth distance or 1 AU is 14.9 × 107 km.
The solar constant changes as the sun-Earth distance changes. The maximum change
of irradiance relative to solar constant at 1 AU is about 3% for a distance change of
1.6%. The irradiance change from perihelion to aphelion is about 7% for a distance
change of 3.3%.
A.2.4 Preprocessing of SCIAMACHY solar spectrum
Preprocessing of daily solar measurements from SCIAMACHY involves the following
steps.
1. Application of a static pixel mask. See Appendix A.2.1.
2. Conversion of units. See Appendix A.2.2.
3. Normalization to 1 AU sun-Earth mean distance. See Appendix A.2.3.
4. Radiometric WLS (White Light Source) lamp correction. See Appendix of Pub-
lished Manuscript I.
The application of the WLS (White Light Source) correction as described in Appendix
of Published Manuscript I is optional.
A.2.5 Convolution of spectral data
Convolution is an integral that expresses the amount of overlap of one function h(x)
as it is shifted by distance x to get h(x − s) over another function f(x). Convolution of
these two functions is given by Bracewell [1965],
g(x) = [f ⊙ h](x) =
 +∞
−∞
f(s)h(x− s) ds. (A.15)
142
The result of the mathematical operation, [f ⊙ h](x), is a third function g(x) that is
viewed as a modified version of one of the original functions. This function can be
thought of as being the “input” signal f(x) as deformed or blurred or smeared by the
instrument function h(x). To match spectral resolution of different solar spectra, the
spectra with high spectral resolution are convolved with the instrument function of the
spectrum with low spectral resolution. This is required before comparing SSI data from
different instruments.
A.2.6 Newton-Cotes integration formula2
Numerical integration techniques, for instance over a selected wavelength range, is
performed using Newton-Cotes formulas, or quadrature formulas.
To integrate a function f(x) over some interval [a, b], the function is divided into n equal
parts such that fn = f(xn) and h ≡ (b − a)/n. Then Lagrange interpolating polynomi-
als are fitted to approximate the tabulated function. Integration, then, is performed by
determining the area under the curve.
Newton-Cotes numerical integration formulas may be
• ‘closed’, if the interval [x1, xn] is included in the fit,
• ‘open’, if the points [x2, xn−1] are used,
• or a variation of the above two.
Depending on the number of points used (closed or open, the coefficients of terms sum
to n− 1. In general, the n-point rule is given by the analytic expression xn
x1
f(x) dx = h
n
i=1
Hn i fi, (A.16)
where
Hn r+1 =
(−1)n−r
r!(n− r)
 n
0
t(t− 1) · · · (t− r + 1)(t− r − 1) · · · (t− n) dt (A.17)
In this thesis, we used the 5-point closed rule (Boole’s rule), which is given by x5
x1
f(x) dx =
2
45
h(7 f1 + 32 f2 + 12 f3 + 32 f4 + 7 f5)− 8
945
h7f (6)(ε). (A.18)
Here, fi = f(xi) for i = 1, . . . , 5, i.e., the five equal segments over the interval [a, b], and
f (6)(ε) the sixth-order differentiation of f(x) evaluated at x = ε.
2Adapted from http://mathworld.wolfram.com/Newton-CotesFormulas.html
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B.1 Linear regression of SCIAMACHY solar irradiances
A simple irradiance model that includes two solar proxies, Mg II core-to-wing ratio and
PSI (photometric sunspot index), and additional terms (low-degree polynomials) to ac-
count for instrumental artifacts (degradation and jumps after decontamination and in-
strument/platform anomalies) are fitted to SSI timeseries covering several solar rota-
tions in 2003 and 2004.
In the following subsections of this appendix, we briefly recall the algorithm used for
linear regression to derive model parameters of the SCIA proxy model. Sample fits of
UV-vis-IR irradiances are also shown below.
B.1.1 Algorithm used for linear regression 1
The modeled regression time series Ti(t) for i = 1, . . . , n is given by T = FC in vector
notation, or in index notation,
Ti(t) =
m
j=1
Cj Fij(t), (B.1)
where Cj is the regression coefficient for jth input time series Fij(t) as independent
variable.
1Transcribed from header IDL routine “zregr.pro” as provided in the following link
http://acdb-ext.gsfc.nasa.gov/Data_services/cloud_slice/zregr.pro.
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The solution is given by
C = (F′F)−1F′T = A−1S, (B.2)
where F′ is the transpose of F. The covariance matrix of the C coefficients is given by
COV = σ2

F′F
−1
, (B.3)
where
σ =
1
n−m
n
i=1
RESi
2 (B.4)
with RESi being the difference between the original time series and the time series
model (B.1). Under the null hypothesis,
VAR

T|F

= σ2I. (B.5)
Here, I is the n× n unit matrix.
Twice the square root of covariant matrix in Eqn. (B.3) determines the 2σ error of the
derived linear regression coefficients.
B.1.2 Regression equation to derive SCIA proxy parameters
For a jth 10-nm averaged spectral irradiance, ⟨I(λj , t)⟩, the model is given by
⟨I(λj , t)⟩ = a(λj) Pa(t) + b(λj) Pb(t) +
N
k=0
ck(t) ⟨I(λj , t)⟩k + ϵj , (B.6)
where ordinary least-squares is performed for all j 10-nm wavelength intervals.
That is, for each wavelength interval, the limit is set such that
⟨I(λj , t)⟩ − a(λj) Pa(t)− b(λj) Pb(t)−
N
k=0
ck(t) ⟨I(λj , t)⟩k

→ 0. (B.7)
This is set in order to provide estimates for faculae a(λj), sunspot b(λj) regression,
and k+1 ck(t) polynomial coefficients. Here, ⟨I(λ, t)⟩ is the 10-nm averaged spectral
irradiance I(λ, t); Pa(t) and Pb(t) are the faculae and sunspot proxies, respectively;N
k=0 ck(t) ⟨I(λj , t)⟩k is a low-order polynomial, which is, in general, on the order of
N = 2, 3, 4 depending on the time interval and wavelength.
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B.1.3 Sample fits of UV-vis-IR irradiances
In Published Manuscript II, at least one sample fit is shown per spectral region in UV
(390–400 nm, cf. Figure 5), vis (580–590 nm, cf. Figure 6), NIR (1080–1090 nm, cf.
Figure 7), and SWIR (1550–1560 nm, cf. Figure 8). The UV and vis intervals show the
year 2003 time series using the non-orthogonalized (left panels) and the orthogonalized
(right panels) proxies. Similarly, NIR and SWIR intervals show the two year period 2003
to 2004 using the non-orthogonalized (upper two panels) and the orthogonalized (lower
two panels) proxies.
Below, we provide additional intervals in UV:
(1) 310–320 nm and 390–400 nm in Figures B.1 and B.2, respectively. These figures
show sample fits for year 2003 time series using non-orthogonalized (left panels)
and orthogonalized (right panels) proxies.
(2) 270–300 nm and 380–410 nm
(2a) in Figures B.3 and B.4. From one 10-nm interval to the next two 10-nm
intervals, these figures (left, center, and right panels) show sample fits for year
2003 time series using non-orthogonalized proxies only.
(2b) in Figure B.5 and B.6 From one 10-nm interval to the next two 10-nm in-
tervals, these figures (upper two, middle two, and lower two panels) show sample
fits for year 2003–2004 time series using non-orthogonalized and orthogonalized
proxies.
Similar figures are shown in vis (Figures B.7–B.14), NIR (Figures B.15–B.19), and
SWIR (Figures B.20–B.25) spectral regions.
FIGURE B.1: SCIAMACHY irradiance ratio time series in the 310–320 nm wavelength
bin during 2003. Top panels show SCIAMACHY irradiance ratios (symbols) and model
fits (solid line). Fit residuals are shown in the bottom. Bottom panels show contribu-
tions from facular brightening, aλ PMg II(t), and sunspot darkening, bλ PPSI(t), and fit
residuals in units of W/m2 nm. Left panels show fit results using original proxies and
right panels using orthogonalized proxies, which are identical.
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FIGURE B.2: Same as Figure B.1 except for 390 to 400 nm wavelength bin.
FIGURE B.3: Same as top panels of Figure B.1 or B.2 except for 268–278 nm (left
panel), 278–288 nm (middle panel), and 288–298 nm (right panel) wavelength bins.
FIGURE B.4: Same as Figure B.3 except for three 10-nm intervals from 380 to 410
nm.
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FIGURE B.5: Same as Figure B.3 or B.4 except using year 2003–2004 time series and
using non-orthogonalized and orthogonalized proxies for three 10-nm intervals from
270 to 300 nm. See upper two, middle two, lower two panels, respectively.
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FIGURE B.6: Same as Figure B.5 except for three 10-nm intervals from 380 to 410
nm.
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FIGURE B.7: Same as Figure B.1 or B.2 except for 580 to 590 nm wavelength bin.
FIGURE B.8: Same as Figure B.1 or B.2 except for 655 to 665 nm wavelength bin.
FIGURE B.9: Same as Figure B.3 or B.4 except for three 10-nm intervals from 500 to
530 nm.
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FIGURE B.10: Same as Figure B.3 or B.4 except for three 10-nm intervals from 570 to
600 nm.
FIGURE B.11: Same as Figure B.3 or B.4 except for three 10-nm intervals from 645 to
675 nm.
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FIGURE B.12: Same as Figure B.5 or B.6 except for three 10-nm intervals from 500 to
530 nm.
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FIGURE B.13: Same as Figure B.5 or B.6 except for three 10-nm intervals from 570 to
600 nm.
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FIGURE B.14: Same as Figure B.5 or B.6 except for three 10-nm intervals from 645 to
675 nm.
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FIGURE B.15: Same as Figure B.1 or B.2 except for 910 to 920 nm wavelength bin.
FIGURE B.16: Same as Figure B.1 or B.2 except for three 10-nm intervals from 840 to
870 nm.
FIGURE B.17: Same as Figure B.3 or B.4 except for three 10-nm intervals from 1070
to 1100 nm.
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FIGURE B.18: Same as Figure B.5 or B.6 except for three 10-nm intervals from 840 to
870 nm.
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FIGURE B.19: Same as Figure B.5 or B.6 except for three 10-nm intervals from 1070
to 1100 nm.
158
FIGURE B.20: Same as Figure B.1 or B.2 except for 1080 to 1090 nm wavelength bin.
FIGURE B.21: Same as Figure B.1 or B.2 except for 1550 to 1559 nm wavelength bin.
FIGURE B.22: Same as Figure B.3 or B.4 except for three 10-nm intervals from 1540
to 1570 nm.
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FIGURE B.23: Same as Figure B.3 or B.4 except for three 10-nm intervals from 1590
to 1620 nm.
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FIGURE B.24: Same as Figure B.5 or B.6 except for three 10-nm intervals from 1540
to 1570 nm.
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FIGURE B.25: Same as Figure B.5 or B.6 except for three 10-nm intervals from 1590
to 1620 nm.
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B.2 Error propagation of 11-year irradiance variability
In our calculation of SSI variability on decadal time scales, uncertainties in modeling
parameters are taken into account. That is, we apply propagation of uncertainties from
linear regression parameters aλ and bλ. The rest of the variables such as the daily prox-
ies faculae Pa(t) and sunspot Pb(t) proxies are assumed to be free from uncertainties.
The calculated uncertainties (2σ) are depicted in grey bars in Figure 12 of Published
Manuscript II, Figures 8 and 16–17 of Published Manuscript III.
As only the modeling parameters have uncertainties, only two quantities are calculated,
namely: ∆SC: a and ∆SC: b. The sum of the two quantities gives the uncertainty of the
contribution to 11-year SSI variability.
The uncertainty of the contribution to 11-year SSI variability from combined faculae
brightening and sunspot darkening, e.g.,
∆SC = ∆SC: a +∆SC: b (B.8)
with error propagation in ∆SC is given by
∆[∆SC] =

(∆[∆SC: a])
2 + (∆[∆SC: b])
2 (B.9)
The uncertainties from faculae brightening, i.e.,
∆SC: a =
aλ
I0(λ)

Pa(tsolmax)− Pa(tsolmin)

100 (B.10)
with error propagation in ∆SC: a is then given by
∆[∆SC: a] = |∆SC: a|

∆aλ
aλ
2
+

∆I0(λ)
I0(λ)
2
. (B.11)
Similarly, for sunspot darkening we have:
∆SC: b =
bλ
I0(λ)

Pb(tsolmax)− Pb(tsolmin)

100 (B.12)
∆[∆SC: b] = |∆SC: b|

∆bλ
bλ
2
+

∆I0(λ)
I0(λ)
2
. (B.13)
Here,
I0(λ) = I(λ, tref) + aλ [Pa(t)− Pa(tref)] + bλ [Pb(t)− Pb(tref)] (B.14)
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and
∆I0(λ) =

(∆aλ [Pa(t)− Pa(tref)])2 + (∆bλ [Pb(t)− Pb(tref)])2 (B.15)
In this expression, I(λ, tref), Pa(t), and Pb(t) are assumed to have no error.
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C.1 Scatter plot of SSI time series
In Published Manuscript III, we have shown in Figure 15 scatter plots of SSI time series
in the SWIR region (1550-1560 nm). Below, we provide scatter plots of the other spec-
tral regions as well. As before, the figures are grouped vertically from left to right with
respect to the SATIRE, NRLSSI, and SCIA proxy model data.
C.2 Robust statistics
Rather than throwing away outliers, robust statistics uses methods that are less strongly
affected by extreme values or outliers. The usual normal or Gaussian model is a bad
approximation, where outliers are important. In practice, data are encountered more
often than usual to be outlier-contaminated.
As estimate of scale, one simple example of a robust estimate of mean is the median–
the mid point of the ordered data. It is irrelevant how far the rest of the data lie from
the median; each data point simply has an equal influence on the estimate. However,
when data are not outlier-contaminated, the median is substantially more variable than
the mean.
In general situations, a variety of estimators that retain a useful degree of robustness
to outliers have been developed. Using the concept of median, Tukey and others (e.g.
Hoaglin et al. [1983]) developed the so-called robust statistics, or M-estimators, to cope
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FIGURE C.1: Scatter plots of SSI time series in UV range. The scatter plots above
correspond to the UV SSI time series shown in Figure 9 of Published Manuscript III.
Grouped vertically from left to right are scatter plots with respect to SATIRE, NRLSSI,
and SCIA proxy models, respectively.
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FIGURE C.2: Scatter plots of SSI time series in vis range. Same as Figure C.1 except
for visible spectral region, i.e. corresponding to vis SSI time series shown in Figure 10
of Published Manuscript III.
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FIGURE C.3: Scatter plots of SSI time series in NIR range. Same as Figures C.1-
C.2 except for near-infrared spectral region, i.e. corresponding to NIR SSI time series
shown in Figure 11 of Published Manuscript III.
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FIGURE C.4: Scatter plot of SSI time series in SWIR range. Same as Figures C.1-C.3
except for shortwave-infrared spectral region, i.e. corresponding to SWIR SSI time
series shown in Figure 12. The other figure is shown in main text, cf. Figure 15 of
Published Manuscript III.
with ordinary statistics (in least squares of difference sense, perfect Gaussian/Poisson
distributions) that are susceptible to outliers. M-estimators (for maximum likelihood
type) are defined to be the solution of
i
ψ(ui) =

i
w(ui) ui = 0, (C.1)
where w(ui) acts as a weighting function; w(ui) is by itself a function of ui, a measure
of relative deviation of the data from the solution
ui =
xi − T
c S
. (C.2)
Here, the variables T , S, and c stand for the best estimate, the scatter (a measure of
rms spread), and a tuning constant, respectively. In general, Eqn. (C.1) is non-linear,
so iterative methods are preferably used. In practice, Eqn. (C.1) is solved iteratively
using
Tˆ =

i
w(ui) xi
i
w(ui)
(C.3)
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until some convergence is reached.
One of the two best estimators of central location is the Tukey’s biweight function.1
Tukey’s biweight function is defined by
ψ(u) =

u (1− u2)2, |u| ≤ 1
0 |u| > 1 (C.4)
with
S = MAD, (C.5)
(C.6)
the median of the absolute deviation from the median. This is a popular robust estimator
of sigma, which is equivalent to σrms/0.6745 for a Gaussian distribution, and c is set
between 6 to 12. The optimal value of c for normal errors is c = 6.0. The above function
in Eqn. (C.4) is equivalent to clipping outliers (k-sigma clipping).
In Chapter 5, robust statistics2 were used to calculate standard deviation (median ab-
solute deviation as initial estimate, then weight points using Tukey’s biweight (cf. Eqn.
(C.4)). In the calculation of the robust correlation coefficient a robust line fit is made
to calculate the slope. For initial estimate, the data is sorted by x and broken into two
groups. A line is fitted to the x and y medians of each group. Tukey’s biweight are then
calculated using a limit of 6 outlier-resistant standard deviations. This is done itera-
tively until the standard deviation reaches some point of convergence (by default: 0.03
times uncertainty of the standard deviation of a normal distribution). The correlation
coefficient is calculated as
ρ2xy =
b
|b|

1 +
(σy−bx)2
m2(σx)2
−1
, (C.7)
where σy−bx and σx are robust sigma calculated for y − bx and x, respectively; here, b
is the slope of the robust line fit x versus y.
C.3 SCIA proxy model at WMO radiation intervals
SCIAMACHY has a moderately high spectral resolution. As mentioned in the Published
Manuscript II, its measured solar spectral irradiances can be easily degraded to any
desired resolution.
1The other best estimator is the Andrew’s wave function, where ψ(u) = 1
π
sin(π u) when |u| ≤ 1,
ψ(u) = 0 when |u| > 1. If the measurement errors happen to be normal after all, then it can be shown
that the optimal value for the constant c is 2.1.
2IDL routines used here are written by Henry Freudenriech. See http://idlastro.gsfc.nasa.gov/
ftp/contrib/freudenreich/
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With immediate application to general circulation model (GCM) or chemistry climate
model (CCM), for example, we can degrade the measured irradiances to the WMO rec-
ommended radiation intervals for GCM or CCM. These intervals are enumerated below
with name of radiation interval, wavelength range, and number of points or intervals.
See also Table 6.1.
1. Lyman α, 121.5 nm, 1 point
2. Schumann-Runge, 125 – 205 nm, 4 bands
3. Herzberg continuum, 206 – 243 nm, 15 intervals
4. Hartley bands, 243 – 278 nm, 10 intervals
5. Huggins bands, 278 – 363 nm, 18 intervals
6. Chappuis band, 407 – 683 nm, 1 interval
The total number of intervals is 49. SCIAMACHY covers only 31 intervals, which include
Hartley, Huggins and Chappuis bands.
By following the prescription described in the Published Manuscript II but at the WMO
radiation intervals, the regression coefficients aλ and bλ can be derived. The functional
dependence is similar to Figure 4.2 or Figure 9 of Published Manuscript II. Then by
using Eqns (1) and (2), daily SSI can be calculated except at WMO radiation intervals.3
From this calculation, the minimum (September 1986) and maximum (November 1989)
of solar cycle 22 values can be derived. If these values are fed as input to offline short
wave (SW) heating rate calculations with the FUBRad SW radiation parametrization,
the effect of prescribed spectral solar fluxes from SCIA proxy can be examined. The
results, which are compared to NRLSSI and SATIRE model values, are reported in
Oberla¨nder et al. [2012].
In Oberla¨nder et al. [2012], they have shown that at solar cycle minimum conditions
(cycle 22) the SCIA proxy (similar to SATIRE) yielded higher heating rates compared to
NRLSSI. In the upper stratosphere and lower mesospere, the SCIA proxy have slightly
higher heating rates (around 0.1 K/day or 1%). This is because SCIA proxy, at the solar
minimum of cycle 22, shows slightly higher irradiance values in some Hartley bands
and in some of the Huggins bands compared to SATIRE. The SCIA proxy irradiance
values are in agreement to NRLSSI. During an 11-year solar cycle, the SCIA proxy (like
SATIRE) have produced a solar cycle heating signal that is between 20 and 40% larger
than NRLSSI.
3The reconstructed irradiance spectral data from SCIA proxy may be available for download at the
following website: www.iup.uni-bremen.de/UVSAT/.
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